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Single-differential, partial, and total ionization cross sections for the proton–hydrogen
atom collision system in the energy region of 0.1–10 keV/u are determined by using the
molecular-orbital close-coupling method within a semiclassical formalism. The present
cross sections are in an excellent agreement with the recent experiments of Shahet al. @J.
Phys. B.31, L757 ~1998!#, but decrease more rapidly than the cross sections measured by
Pieksmaet al. @Phys. Rev. Lett.73, 46 ~1994!# with decreasing energy. The numerical
data for all calculated cross sections are included in this paper. A critical evaluation of the
existing data for the ionization process in the keV energy range is performed both for the
experiment and theory. The recommended data are obtained from a converged close-
coupling expansion, which in total includes 362 bound and continuum channels with their
wave functions augmented by the electron translation factor in order to insure the correct
scattering boundary condition. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1710897#
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1. Introduction

Proton impact ionization from various atoms and m
ecules has attracted many researchers over many years
it serves as an important and challenging problem in ato
physics. It is one of the most fundamental processes in v
ous applications such as fusion reactors~plasma edge pro-
cesses, cooling rate estimates!, radiation damage in biologi-
cal matters ~including cancer treatment!, energy loss of
heavy ions in solid targets, and ion-beam technologies~etch-
ing, thin-film manufacturing!.

There has been a vast amount of effect directed at the
understanding of the emissions during ion–atom collisio
both from the experimental and theoretical perspectiv
Several publications have provided a partial overview
these studies.1–5 Yet, our understanding of even the bas
prototype ion–atom collision system, proton on hydrog
atom, is not completely satisfactory, especially at low en
gies below a few keV. At keV energies, the total ionizati
cross sections measured in the experiment of Pieksmaet al.6

were found substantially larger than the recent measurem
of Shahet al.7 below 10 keV/u, and decreasing more slow
with the decreasing energy. At 1 keV/u, the cross section
Pieksmaet al.6 exceed the values by Shahet al.7 by as much
as ;4 times. Numbers from the highly accura
experiments8,9 and elaborate calculations10–12 disagree by
20% at the peak of ionization cross section of 50 keV/u. T
above experimental and theoretical results are summarize
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10331033CROSS SECTIONS IN PROTON–HYDROGEN ATOM COLLISIONS
Fig. 1 together with other rigorous theoretical contributio
over the years. Detailed discussions on these studies are
vided in the following paragraphs.

Describing the ionization process correctly with high p
cision, probabilities of other concurrent processes, in part
lar elastic scattering, target excitation, and electron captur
the projectile should be considered simultaneously in low
intermediate collision energies. It is not possible to descr
one process accurately without treating all on equal foot
since the ionization is strongly intertwined with other inela
tic and elastic processes. Because proton–hydrogen atom
teractions are known to be relatively weak, and also m
channels couple closely, computing high accuracy cross
tions for ionization of this collision system requires us
include a huge number of channels carefully, and rema
one of the difficult and challenging problems in collisio
physics.

There is a series of theoretical and experimental work
obtain accurate ionization cross sections, based on a va
of approaches. In theory, the methods commonly used
clude the molecular orbital close coupling method~MOCC!,
or atomic orbital close coupling~AOCC!, the perturbative
method, and the classical trajectory Monte Carlo meth
~CTMC!, and some of the most recent ones are cited be
Even among extensive and reliable theoretical investigat
particularly based on the close coupling scheme, discrep
cies of ambiguous origin arise in the energy dependence
magnitude below the intermediate energy. A study based
the MOCC includes SethuRamanet al.,13 and Thorson and
his co-workers,14,15 and those by using the various types
the AOCC are Winter and Lin,16 McLaughlinet al.,17 Fritsch
and Lin,18 and other authors.11,12 Most recently, a study
based on the two-center AOCC approach was carried ou
Toshima,10 who calculated ionization cross sections for c
lision energy 1–800 keV/u, obtaining results 20% high
than the experiments of Shahet al.8,9 at the ionization cross
section peak. Two recent calculations by Kolakowska a
Sidky11,12 agree well with Toshima10 and Shah’set al.
experiment7 at energies 4–10 keV/u, but decrease more r
idly than those by Shahet al.7 below 4 keV/u. Two different
types of the hidden crossing calculation, i.e., the inclusion
neglect of radial decoupling mechanism were performed,
corresponding two results based on the approach of Ovc
nikov and Macek19 were found to be largely different.6,20The
result obtained by the neglect of the decoupling mechan
is found to provide good agreement with Shahet al.7 The
present formalism builds on evaluating measurable quant
in the real coordinate space. We therefore directly comp
bound- and continuum-state wave functions, radial and
gular couplings among all states involved, and solve the
namics in the molecular-state basis.21–25

In the experiment, the proton–hydrogen atom system
the simplest ion–atom system but yet one of the most d
cult ones to be studied for a number of reasons including
difficulty of producing pure hydrogen atoms. A few expe
mental references are: Pieksmaet al.,6 Shah et al.,7 Fite
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et al.,26 but as described above, a serious discrepancy ex
between the most recent measurements.

It can be seen in Fig. 1 that the experimental results
only in a very rough general accord. Therefore reliable t
oretical values must play an important role for recomme
ing the set of cross sections that is to be used in applicat
and also the method that describes the dynamics of ioniz
collisions best. Nevertheless, for such purpose the prev
theoretical calculations differ even to a higher extent than
experimental data. This can be seen in Fig. 1~a! at low keV
energy, whether it is the difference between the hidd
crossing calculations with and without the radial decoupl
promotion mechanism6,20 or the difference between th
close-coupling calculations based on the two-center10 versus
the three-center7 expansion. In addition, it is important t
note that the hidden-crossing method relies on the comp
coordinate and analytical continuation, and therefore
evaluation of measurable quantities such as differential i

FIG. 1. Total ionization cross sections of proton–hydrogen system:~a! and
~b! are for low and high energy regions, respectively. Circles with error b
measured cross sections of Shahet al. ~Refs. 7–9!. Squares with error bars
measured cross sections of Pieksmaet al. ~Ref. 6!; HC2, hidden crossing
theory withSandT and radial decoupling promotion mechanisms~Ref. 20!;
HC1, hidden crossing theory with onlySandT promotion mechanisms~Ref.
6!; TC2, close-coupling triple-center calculations of Shahet al. ~Ref. 7!;
TC1, close-coupling triple-center calculations of McLaughlinet al. ~Ref.
17!; DC2, two-center close-coupling calculations of Toshima~Ref. 10!;
DC1, two-center close-coupling calculations of Fritsch and Lin~Ref. 18!;
CDW-EIS, continuum distorted wave eikonal initial state approximation
Crothers and McCann~Ref. 35!; ~solid line! present results.
J. Phys. Chem. Ref. Data, Vol. 33, No. 4, 2004
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10341034 PICHL ET AL.
ization cross sections or spatial probability distributions
the electron during the collision is not straightforward. T
present method, in contrast, provides for all of these qua
ties before the total ionization cross sections are calcula

Because of the uncertainty on the ionization cross sec
values below a few keV/u, both in theory and experiments
summarized above, we have undertaken the project to ca
late the differential ionization cross sections~DICSs! and the
total ionization cross sections~TICSs! for ionization of
atomic hydrogen by proton impact at the low collision e
ergy range 0.1–10 keV/u. In addition, charge transfer a
excitation channels were also considered. Electron tran
factor ~ETF! has been included to ensure correct scatter
boundary conditions. All results obtained are given both
tabular and graphical forms.

2. Theoretical Method

2.1. Molecular Orbital Coupled Equations

Let us assume the internuclear distance between pr
and hydrogen to be described classically by a vectorR(t),
and solve the resulting time-dependent Schoro¨dinger equa-
tion for the electron system with HamiltonianHel ,

i ~h/2p!
]

]t
C~r ,t !5Hel„r ,R~ t !…C~r ,t !. ~1!

We expand the state vectorC in an ETF-modified molecula
basis set, and integrate over electron coordinatesr . Then for
the expansion coefficientsan(t) in the MOCC method one
obtains the coupled equations~up to the first order in veloc-
ity v!

i ~h/2p!
dak~ t !

dt
5 (

nÞk
@Ṙ~PR1AR!1Ru̇~Pu1Au!#kn

3an~ t !expF2
i

~h/2p!
E t

„en~ t8!

2ek~ t8!…dt8G , ~2!

with U5/~v,R!, where the usual coupling termsP27

Pkn
R 52 i ~h/2p!~ek2en!21K fkUF]Hel

]R G
r
UfnL , ~3!

Pkn
u 52R21^fkuL& yufn& ~4!

are corrected by the radial and angular ETF terms

Akn
R 5 im/~h/2p!~ek2en!^fkuz fn~r ;R!ufn&, ~5!

Akn
u 5 im/~h/2p!~ek2en!^fkux fn~r ;R!ufn&. ~6!

Here, m is the reduced electron mass,L is the electronic
orbital angular momentum, andr5(x,y,z), with z being par-
allel to R. The switching functionsf n(r ;R) which describe
the correlation of electron motion on nuclei, in general, d
pend on the molecular-state wave functionfn(r ;R). We
have employed the switching function derived by Thors
J. Phys. Chem. Ref. Data, Vol. 33, No. 4, 2004
f
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et al.22 for the H2
1 system, based on the analytical tw

center decomposition of exact wave functions. All these c
pling matrix elements are evaluated using Gauss–Lege
and Gauss–Laguerre quadratures with relative er
<131028.

Before moving on to solve the close-coupled Eqs.~2!, a
few important comments associated with the ETF’s modifi
molecular orbital expansion approach need to be discus
This is the non-Hermitian Hamiltonian matrix~P1A! in Eq.
~2!. In any calculation, we need to replace the full Hilbe
space spanned by the true discrete and continuum states
a truncated subspace. As a result, certain operators in
equations of motion cannot be fully represented, and un
great care is taken they may not even be accurately re
sented within the truncated subspace. This is true in part
lar for the propagator itself. Thus, a theory should consi
the flux loss from the truncated subspace, and then, in c
trast with the exact close-coupled equations, the clo
coupled equations for the wave function in the truncated s
space are necessarily nonunitary, i.e., they should
conserve probabilities. Our locally non-Hermitian Ham
tonian matrix ~P1A! allows us to consider the escape
electrons from the subspace spanned by the truncated b
Importantly, the flux loss effects decrease with the basis s
increase, and the probability conservation is satisfied
proximately on a sufficiently large basis set. By impleme
ing the ETFs, the basis sets of relatively small size can
considered as complete with sufficient accuracy. In
present study, we find the probability conservation is be
than 131023 with a basis set including ten bound states a
11 continuum partial waves.

2.2. Two Coulomb Center Functions

Next, we briefly summarize the computation of matrix e
ements in Eqs.~3!–~6!. H2

1 is a prototype one-electron two
nuclei system, which is separable in the conventional pro
spheroidal coordinates,r5~j,h,f!, and the corresponding ei
genvaluesek and wave functionsfk(r ;R) can be calculated
with great numerical accuracy.28–34The wave function is fac-
tored out

fk~j,h,w;R!5Ck~R!Lk~j,R!Mk~h,R!eimw, ~7!

where Ck(R) is a normalization constant, and function
Lk(j,R) andMk(h,R) describe the quasiradial and quasia
gular motions of electron, respectively. The indexm labels
the component of electronic angular momentum on theR
axis. The letterk stands for the three quantum numbersE, m,
andA ~A is equivalent to the orbital angular momentum f
R50). The one dimensional wave functions in Eq.~7! are
found in semianalytical forms, and the coupling terms
Eqs. ~3!–~6! are then readily computed. Details of th
method can be found in Refs. 28–34 and have been sum
rized in Appendices A and B.

The state vectorC in Eq. ~1! is composed of noninteract
ing g ~gerade! andu ~ungerade! components, and thus ther
are corresponding sets ofg andu close-coupled Eqs.~2!. If
index ‘‘1’’ designates the initial states in each set (1ssg or
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10351035CROSS SECTIONS IN PROTON–HYDROGEN ATOM COLLISIONS
2psu , respectively!, then the initial conditions for Eqs.~2!
~corresponding to ‘‘proton A plus atom B’’! is

ak~ t52`!51/A2d1k , ~8!

and ~for given energyE and each impact parameterb! the
final-state amplitudeak(E,b) is computed. Once the final
state amplitudeak(t51`) is obtained, we can define th
probability of excitation/or ionization to the molecular statek
as

Pk~E,b!5uak~ t5`!u2, ~9!

and the corresponding individual cross section reads

Qk~E!52pE Pk~E,b!b db. ~10!

In ionization problems,Qk(E) is the partial ionization cross
section, labeled bye, l, andm. Hence the differential ioniza
tion cross section is determined by summingQ(e,l,m;E)
over quantum numbersl, m

ds

de
5(

l,m
Q~e,l,m;E! ~11!

and the total ionization cross section

s5E ds

de
de ~12!

is obtained by integrating the energy distribution of ejec
electrons.

3. Results and Discussion

3.1. Basis Sets and Convergence

To compute the ionization cross sections, we have car
out systematic calculations with basis sets A, B, and C
listed in Table 1. Comparing the numerical results with d
ferent basis sets allows us to study the convergence of
ization cross sections with the basis size. In addition, so
selected calculation have been done on the ungerade co
nent of basis set C without 2ppu ~set D! to understand the
role of upper levels in the ionization dynamics. The co
tinuum component is common in the basis sets A~direct
ionization!, B, C ~indirect ionization!, and D~reference basis
set!, which contains 32 energies below 1.0 Ry for each p
tial wave; then the total continuum states are accounted
up to 352. Within the straight-line approximation, we ha
solved the coupled differential equations, Eq.~2!, for 100
impact parameters arranged in~0.0–6.0! a.u. at 32 collision
energies from 0.1 to 10 keV/u. The results shown bel
were obtained by using the basis set C.

The energy of ejected electrons is explicitly included
the equations of motion via the coupling terms in Eq.~2!,
while the total ionization cross section requires a formal
tegration over the whole continuum. Therefore, we need
revert to a discrete sampling scheme as described fur
Our study and also previous works in the literature15,34 find
the couplings with continuum states to be generally we
d

d
s

-
n-
e

po-

-

r-
or

-
o
er.

k,

and the full close-coupled Eqs.~2! can be partitioned into
separate groups. Each group contains the strongly cou
symmetry allowed discrete states~cf. Table 1! and several
partial waves for continuum electron with the same ener
these are coupled by weak radial or angular interactio
Truncation in the partial wave expansion of the continuu
electron is based on a rapid decrease of the couplings
the increasing angular momentum number~;3 orders of
magnitude for ejected electron withl 55). Next, we calcu-
late the differential ionization cross sections at a certain
of separate energy points, interpolate these withB splines,
and finally integrate the spline function over the whole co
tinuum analytically. Thus the convergence in the number
continuum states can be controlled through the converge
of B-spline interpolation. Ionization cross sections decre
rapidly with the ejected electron energy increase, and
necessary number of interpolation points derives from
number ofB-spline terms which can accurately represent t
function shape. Logarithm equally spaced mesh points
ejected electron energy were conveniently used in our ca
lation. The differential cross sections already vary smoot
with free electron energies on the 32 point grid.

3.2. Total Ionization Cross Sections „TICS…

Figure 1 shows the present TICSs along with some ea
theoretical and experimental results. The present MOCC
sults are found to agree better with Shahet al.7 below 10
keV/u. The present results are smaller than those of
triple-center AOCC calculations, although they exhibit clos
agreement at collision energies lower than 1.5 keV/u. T
hidden-crossing calculation includingS and T promotions
and the radial decoupling mechanism is about 30% lar
than the present results at 10 keV/u. Their cross section
creases more slowly with the decreasing energy, and thu
1 keV/u the difference from our calculations is as high a
factor of 6. Yet, the present values are in better agreem

TABLE 1. Molecular basis sets for the close-coupling basis sets

Sets
Gerade

basis states
Ungerade

basis states
Number of
all states

Continuum uessg& uepsu&, ueppu&
uedsg&, uedpg& ue f su&, ue f pu&
uegsg&, uegpg& uehsu&, uehpu&
5 partial waves,
for 32 energies

6 partial waves,
for 32 energies

113325352

Bound all above, plus all above, plus
A u1ssg& u2psu& 354
B all above, plus all above, plus

u3dpg& u2ppu&
u3dsg& u3psu&
u2ssg& u3ppu& 360

C all above, plus all above, plus
u4dpg& u4f su& 362

D — all above, minus
u2ppu& 196a

aSet D contains 4 discrete states (2psu,3psu,3ppu,4f su) and 192 con-
tinuum states~32 energies for the 6u-partial waves above!.
J. Phys. Chem. Ref. Data, Vol. 33, No. 4, 2004
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with the hidden-crossing method includingS and T promo-
tions, with the discrepancies better than 30% in all energ
Below 2 keV/u, however, the hidden-crossing results
crease faster, and correspondingly, those cross section
by a factor of 2 smaller than the present results at 1 keV
The present results agree well with the two-center AO
result of Toshima.10 In the energy range from 4–10 keV/u
however, the cross sections by Toshima become smaller
the present results and sharply decrease below 4 keV/u.
present results are also compared with the measuremen
Pieksmaet al.,6 and Shahet al.7 Our results are found to b
25% below the measured results of Pieksmaet al.6 at 6
keV/u, and decrease more rapidly with the decreasing
ergy, the discrepancies being up to a factor of 6 at the low
collision energy of 1 keV/u considered. However, our resu
are in excellent agreement with the recent experimental
of Shahet al.,7 since they lie within the experimental erro
bars in the entire energy range considered.

The numerical results for total ionization cross sectio
are given in Table 2.

3.3. Partial Cross Sections

Figure 2 illustrates the partial cross sections for differ
partial waves of ejected electron, and the related numer
data are summarized in Table 3.

In particular, Fig. 2 shows the distribution of partial io
ization cross sections which are integrated over the eje
electron energy in the interval~0,1! Ry. The partial ionization
cross sections as a function of collision energy represent
statement that the ionization is significant only in two
three (l ,m) channels either forg components or foru com-
ponents. In case ofg components,ss, ds and dp are the
important channels below 4 keV/amu, but the partial ioni
tion cross section of ss increases much more rapidly than th
other two, and exceeds them by order of magnitude aE
510 keV/u. The channelsps, pp, and f p are important in
the case ofu components, and the partial ionization cro
section ofps is much greater than those of other chann
exceptE,2 keV/u, where the cross section ofpp is the
largest one. However, the distribution of ejected electr
over partial waves depends on the energy of free elec
significantly, which is illustrated in Fig. 3 by the partial ion
ization cross sections for one fixed energy of the ejec
electron,e50.01 Ry. In this particular case, the ionization
u components is dominated bypp andps channels and thei
contributions are almost the same at the highest energy
sidered, 10 keV/u.

3.4. Differential Ionization Cross Sections „DICS…

In addition to the accurate integral ionization cross s
tions ~cf. Fig. 1! obtained presently, in Fig. 4 we give th
single DICSs as a function of ejected electron energye and
collision energyE. Cross sections ofg andu components are
shown in the upper~a! and lower~b! parts, respectively. Ion
ization cross section decreases rapidly with the final elec
energy increasing and collision energy decreasing. Ioniza
J. Phys. Chem. Ref. Data, Vol. 33, No. 4, 2004
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is significant only when the collision energyE is above 3
keV/u for g components and 1 keV/u foru components. At
the collision energyE510 keV/u, the differential cross sec
tions of e50.01 Ry is about 2 orders of magnitude grea
than that ofe51.0 Ry. Differential cross sectionds/de of u
components is about 1 order of magnitude greater than
of g components at their maxima. We have projected
differential cross sectionsds/de on the bottom plane in this
figure. There is a region in the two projections in which for
constantds/de the ratio ofe/E is a constant. It shows that
small group of electrons gains energies from incident prot

FIG. 2. Partial ionization cross sections~integrated over the ejected electro
energy! as a function of the collision energyE for the 11 partial waves:~a!
g components and~b! u components.

TABLE 2. Total ionization cross sections~units 10216 cm2)a

Ec.m.
b s Ec.m. s Ec.m. s Ec.m. s

0.10 6.1625 2.65 1.4922 5.21 5.1922 7.76 1.0721

0.42 6.9224 2.97 1.8522 5.53 5.7822 8.08 1.1521

0.74 1.7823 3.29 2.2422 5.85 6.3822 8.40 1.2421

1.06 3.1123 3.61 2.6622 6.17 7.0122 8.72 1.3321

1.38 4.8323 3.93 3.1122 6.49 7.6822 9.04 1.4321

1.70 6.8323 4.25 3.5922 6.81 8.3722 9.36 1.5321

2.02 9.0323 4.57 4.0922 7.13 9.0922 9.68 1.6321

2.34 1.1722 4.89 4.6322 7.45 9.8622 10.0 1.7421

aSuperscripti denotes the order of magnitude, i.e.,310i .
bCollision energyEc.m. is measured in keV/amu.
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TABLE 3. Partial ionization cross sections~units 10216 cm2)

E (keV/u) 0.10 0.42 0.74 1.06 1.38 1.70 2.02 2.34

ss 4.4828 3.4327 1.6226 4.4726 1.1225 2.1425 3.5525 5.1125

ps 4.9828 2.2127 4.9227 3.4026 9.3526 1.7725 2.8425 4.1225

ds 3.8228 1.6027 2.9127 5.6427 7.1427 6.7727 9.7227 2.9426

f s 2.80210 6.1829 2.3628 1.3127 5.8327 1.3826 2.7026 4.9526

gs 1.41211 8.29210 2.0628 6.7727 2.8726 6.7526 1.3025 2.2825

hs 5.1026 1.7625 1.6824 5.8524 1.3023 2.3423 3.7523 5.5423

pp 4.8426 2.0325 5.6425 1.4024 1.9124 3.7824 4.5624 4.9724

dp 4.4226 3.1125 4.0225 5.0625 6.0825 8.6225 1.1224 1.4724

f p 4.6225 6.1524 1.4723 2.2623 3.1623 3.7523 4.1923 4.6723

gp 7.8327 7.0726 1.6625 2.8525 6.9625 1.6724 2.9624 4.4524

hp 1.4327 9.0927 2.2025 3.4525 3.1225 6.0125 1.4124 2.8224

s total 6.1625 6.9224 1.7823 3.1123 4.8323 6.8323 9.0323 1.1722

E (keV/u) 2.65 2.97 3.29 3.61 3.93 4.25 4.57 4.89

ss 7.2625 1.0724 1.6024 2.4024 3.5524 5.1124 7.0924 9.4824

ps 5.6225 7.7725 1.1524 1.7724 2.6824 3.8424 5.2124 6.7324

ds 6.0626 1.0025 1.5325 2.2325 3.1325 4.2025 5.3725 6.5725

f s 8.5326 1.3825 2.0725 2.9325 3.9325 5.0225 6.1525 7.3025

gs 3.7025 5.6525 8.1225 1.1124 1.4524 1.8224 2.2224 2.6424

hs 7.6423 9.9623 1.2422 1.5122 1.7822 2.0722 2.3622 2.6622

pp 5.8624 6.5224 6.5924 6.4624 6.5424 6.9124 7.5024 8.2024

dp 1.8024 1.9924 2.3324 3.0724 4.3224 5.8124 7.1924 8.2524

f p 5.2423 5.8923 6.5723 7.2623 7.9423 8.6223 9.2923 9.9823

gp 6.1224 8.0824 1.0423 1.3323 1.6823 2.0923 2.5723 3.1323

hp 5.0024 7.7724 1.0823 1.3823 1.6923 2.0423 2.4323 2.9023

s total 1.4922 1.8522 2.2422 2.6622 3.1122 3.5922 4.0922 4.6322

E (keV/u) 5.21 5.53 5.85 6.17 6.49 6.81 7.13 7.45

ss 1.2323 1.5423 1.9023 2.2923 2.7223 3.2023 3.7423 4.3223

ps 8.3824 1.0123 1.2023 1.3923 1.5923 1.7923 2.0123 2.2223

ds 7.7125 8.7425 9.6625 1.0524 1.1324 1.2024 1.2824 1.3624

f s 8.4125 9.4525 1.0424 1.1324 1.2124 1.2824 1.3524 1.4124

gs 3.0724 3.5024 3.9324 4.3524 4.7824 5.1924 5.6124 6.0424

hs 2.9722 3.2722 3.5822 3.8922 4.1922 4.5022 4.8022 5.1022

pp 8.9924 9.8724 1.0923 1.2023 1.3323 1.4723 1.6223 1.7723

dp 8.9324 9.2424 9.3324 9.4024 9.7324 1.0623 1.2223 1.4823

f p 1.0722 1.1522 1.2322 1.3322 1.4322 1.5522 1.6822 1.8322

gp 3.7623 4.4823 5.2723 6.1523 7.1123 8.1523 9.2723 1.0522

hp 3.4323 4.0323 4.6723 5.3523 6.0523 6.7623 7.4523 8.1423

s total 5.1922 5.7822 6.3822 7.0122 7.6822 8.3722 9.0922 9.8622

E (keV/u) 7.76 8.08 8.40 8.72 9.04 9.36 9.68 10.0

ss 4.9823 5.6923 6.4823 7.3423 8.2823 9.3023 1.0422 1.1622

ps 2.4423 2.6623 2.8823 3.1023 3.3123 3.5323 3.7323 3.9323

ds 1.4524 1.5424 1.6524 1.7624 1.8924 2.0224 2.1624 2.3124

f s 1.4724 1.5324 1.5924 1.6624 1.7324 1.8024 1.8924 1.9824

gs 6.4824 6.9324 7.4124 7.9124 8.4324 8.9924 9.5824 1.0223

hs 5.4022 5.6922 5.9822 6.2722 6.5522 6.8322 7.1122 7.3822

pp 1.9323 2.1023 2.2823 2.4723 2.6823 2.9223 3.2023 3.5223

dp 1.8623 2.3623 3.0023 3.7823 4.6923 5.7423 6.9123 8.2123

f p 1.9922 2.1622 2.3522 2.5622 2.7922 3.0322 3.2922 3.5622

gp 1.1822 1.3222 1.4622 1.6222 1.7822 1.9522 2.1322 2.3222

hp 8.8023 9.4323 1.0022 1.0622 1.1122 1.1622 1.2122 1.2622

s total 1.0721 1.1521 1.2421 1.3321 1.4321 1.5321 1.6321 1.7421
e
co
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n
e

on-
e
s a

s a
in a single impulse, and comes out with a large excess
ergy. Such a process is analogous to electron capture to
tinuum in which the projectile transfers a part of its kine
energy to the target in a constant rate and results free elec
with ne;Vp .

The ejected electron distributions of theg and u compo-
nents are shown in Fig. 5, as a function of ejected elec
velocity, ne , and impact parameter,b, at the fixed collision
n-
n-

on

n

energy of 10 keV/u. Theg andu components are shown i
the upper~a! and lower~b! parts, respectively. We can se
that the electron distributions tend to peak nearne;Vp/2,
i.e., the saddle point electron, but there is no linear relati
ship toVp for electron velocityne at the peak. Therefore, th
maxima of ionization probabilities cannot be regarded a
saddle-point electron emission.

Tables 4–35 show the differential cross section data a
J. Phys. Chem. Ref. Data, Vol. 33, No. 4, 2004
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10381038 PICHL ET AL.
function of partial wave numbers and 32 ejected elect
energies~0.01–1 Ry!, one table per each of the 32 projecti
energies in the range~0.1–10! keV/au.

3.5. Charge Transfer and Target Excitation

Figure 6 shows the cross sections of charge transfer
target excitation along with some earlier theoretical and
perimental results. Our results are in good agreement w
the experimental results and other rigorous calculations
low 6 keV/u. The agreement became less satisfactory as
energy increases above 10 keV/u. Above 10 keV/u,
higher-order corrections of the ETF’s become important, a
additional discrete states need to be included in the MO
calculations since there is a uniform increase in the num
of weakly coupled channels.

4. Data Evaluation

In the following, we will briefly discuss the difference
between the experimental data, especially those that aris
measurements by Shahet al.7 and Pieksmaet al.,6 and also
the major disagreements of theoretical calculations. An ab
lute agreement of the present calculations with the meas
ments of Shahet al.7 is stated here.

FIG. 3. Same as Fig. 2 except for the ejected electron energy is fixe
e50.01 Ry:~a! g components and~b! u components.
J. Phys. Chem. Ref. Data, Vol. 33, No. 4, 2004
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4.1. Experimental Data

The disagreement between the experimental meas
ments by Pieksmaet al.6 and Shahet al.7 is likely to be due
to the very different schemes employed by these author
crossed-beam method incorporating time-of-flight analy
and coincidence counting of the collision products were u
by Shahet al.7 Their cross sections obtained in the ener
range 1.25–1500 keV/u were declared with very small
perimental uncertainties. In these experiments, a moment
analyzed beam of protons from an accelerator adjustabl
energy~1.25–1500! keV/u was arranged to intersect~at right
angles! in a high vacuum region a thermal energy beam
highly dissociated hydrogen. Slow ions and electrons form

at

FIG. 4. Single differential ionization cross sections for proton–hydrog
system as a function of ejected electron energye and collision energyE: ~a!
g components and~b! u components. Numerical values are obtained
present ETF-modified molecular close-coupling calculations with ba
set C.
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10391039CROSS SECTIONS IN PROTON–HYDROGEN ATOM COLLISIONS
as collision products in the crossed beam region were
tracted by transverse electric field and separately counte
particle multipliers. Product H1 ions arising from collisions
with H2 or other background gas species were recognized
their characteristic times of flight to multiplier. The require
H1 ions from the ionization process could be distinguish
from those arising from the charge transfer process by co
ing the H1 ions with the electrons from the same ionizin
events.

Experimental studies by Pieksmaet al.,6 on the other
hand, focused especially on the identification of saddle-p
electrons which are to have a half of the collision velocity
the asymptotic space region. They also produced total
ization cross sections at~1–6! keV/u, which were found to
follow such characteristic dependence on the collision ve
ity near the very threshold. In the experiments by Pieks
et al.,6 a pulsed stabilized proton beam was crossed wit

FIG. 5. Ejected electron distribution for proton–hydrogen system as a fu
tion of electron velocity,ve , and impact parameter,b, at the collision energy
E510 keV/u: ~a! g components and~b! u components. Numerical value
are obtained by present ETF-modified molecular close-coupling calcula
with basis set C.
x-
by

y

d
t-

nt

n-

-
a
a

partially dissociated thermal hydrogen beam produced b
rf discharge source. Electrons were detected by means
magnetic time-of-flight~TOF! spectrometer, which could
collect the electrons ejected in the forward hemisphere
long as the approximate transmission conditionk sinq
<0.42 a.u. was satisfied. Herek is the electron velocity and
q is the ejection angle with respect to the symmetry axis
the spectrometer. The rf source Pieksmaet al.6 used was
causing a severe background of slow electrons appearing
constant term in the recorded TOF distributions, a probl
which was dealt with by subtracting the TOF measured w
the rf source switched off. However, a complete suppress
was considered to be impossible by Pieksmaet al.6 Further,
the difference spectrum was also to be corrected for the c
stant background of uncorrelated rf source electrons. In
dition, the electron spectrum of ionizing H1 – H2 collisions
also had to be corrected for. The total ionization cross s
tions were then obtained by integration over the ejected e
tron velocity. This resulted in cross sections two times hig
than that of Shahet al.7 at 6 keV/amu, which also decreas
much more rapidly with energy decreasing. The discrepa
between the values of Pieksmaet al.6 and Shahet al.7 are as
large as the factor of;6 at the lowest energy considered~1
keV/amu!.

In summary, the measured data from Shahet al.7 should
be recommended for thetotal ionization cross section be
cause in their experiments all electrons and ions were
tracted by very reliable methods. Pieksmaet al.,6 on the
other hand, accurately measured especially the electron
locity distributions. Therefore their low-energy total ioniz
tion cross sections are very small—subtracting the ba
ground rf electrons from the total signal in this region cau
a big problem due to the minor number of electrons p
duced by the proton-impact ionization.

4.2. Theoretical Data

In order to compare theoretical results for the total ioniz
tion cross sections of the proton–hydrogen system, re
again to Fig. 1~b!, in which various calculations are com
pared for a broader energy range~0.1–1000! keV/amu. Here,
the TICS values from Toshima10 are 20% higher than the
experimental values of Shahet al.8,9 around E
5100 keV/amu, yet they are in a good agreement in the h
energy region. Triple-center close-coupling calculations7,17

predicted the cross sections at low to intermediate energie
be larger than the high-accuracy measurement data7,8 up to a
factor of 2, and they decrease much faster at collision e
gies above 50 keV/amu. They are also found to oscillate w
collision energies. The continuum distorted wave eikonal i
tial state~CDW-EIS! approximation, is a high energy theor
by Crothers and McCann.35 The CDW-EIS calculated cros
sections are in a good agreement with the measuremen
Shahet al.8,9 for energies above 25 keV/amu. All the abov
theories predicted TICSs decreasing much more rapidly t
our results and the experimental data7 below 1.5 keV/amu.
Within the entire energy region dealt with in the prese

c-

ns
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TABLE 4. Single differential cross sections~in 10216 cm2) at E50.10 keV/amu

e ~Ry! 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.02

ss 7.8027 7.6527 7.4927 7.3027 7.1127 6.9027 6.7027 6.5027

ps 3.3225 3.3125 3.2925 3.2725 3.2525 3.2225 3.2025 3.1725

ds 2.3127 2.3127 2.3227 2.3327 2.3527 2.3827 2.4327 2.4927

f s 5.7325 5.8025 5.8725 5.9425 5.9825 5.9725 5.8525 5.5725

gs 7.3827 7.2427 7.0827 6.9127 6.7327 6.5427 6.3627 6.1827

hs 3.2926 3.3126 3.6326 4.3526 5.5426 7.1626 8.9426 1.0325

pp 3.5124 3.4724 3.4324 3.4124 3.4024 3.4224 3.4824 3.5724

dp 1.6529 1.6529 1.6529 1.6529 1.6429 1.6729 1.5929 1.5429

f p 9.9526 1.0125 1.0225 1.0325 1.0225 1.0025 9.5826 8.8726

gp 1.09210 1.10210 1.10210 1.11210 1.12210 1.12210 1.10210 1.04210

hp 3.8627 4.0427 4.2527 4.4827 4.7527 5.0327 5.2927 5.5127

e ~Ry! 0.010 0.038 0.044 0.051 0.059 0.069 0.080 0.09

ss 6.3027 6.0527 5.7227 5.2727 4.7527 4.3127 4.0427 3.6927

ps 3.1425 3.1125 3.0825 3.0325 2.9825 2.9025 2.8125 2.7125

ds 2.5727 2.6427 2.6727 2.6527 2.6227 2.6427 2.7427 2.7727

f s 5.1425 4.6725 4.3825 4.5025 4.8425 4.6225 3.6025 3.2725

gs 6.0127 5.8227 5.5527 5.1727 4.6727 4.2127 3.8927 3.5427

hs 1.0325 8.0826 4.1926 1.3426 2.9926 7.3326 5.7626 6.9427

pp 3.6924 3.8224 3.9124 3.9024 3.7224 3.3524 2.8624 2.4824

dp 1.4829 1.4129 1.3529 1.3329 1.3429 1.3129 1.2029 1.1029

f p 7.8526 6.5426 5.1126 3.8826 3.3526 3.9126 5.4326 6.8026

gp 9.33211 7.76211 5.99211 4.63211 4.32211 4.96211 5.37211 4.61211

hp 5.6227 5.5527 5.2627 4.8127 4.3927 4.2327 4.4427 4.8427

e ~Ry! 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.30

ss 3.0827 2.6227 2.1927 1.7927 1.4327 1.0927 8.3328 5.7028

ps 2.5925 2.4425 2.2825 2.1425 1.9725 1.7225 1.5825 1.3025

ds 2.6227 2.6127 2.5327 2.3727 2.2127 2.0527 1.7727 1.4827

f s 3.6225 2.5825 2.9125 1.9525 2.1625 1.6125 1.0925 8.8226

gs 2.9527 2.5327 2.1227 1.6327 1.2627 9.3328 6.0828 3.6928

hs 6.5326 5.1426 5.4726 6.8926 1.1425 9.6826 1.1125 1.3325

pp 2.4024 2.5024 2.3424 1.8524 1.6724 1.5824 1.2224 1.1224

dp 1.1029 1.0129 9.23210 8.79210 7.91210 7.10210 6.61210 6.06210

f p 6.2826 3.7026 2.3526 4.0726 3.7026 1.6026 2.9526 1.1526

gp 3.83211 3.37211 2.15211 2.82211 1.98211 1.66211 1.88211 1.62211

hp 5.2627 5.4527 4.9227 4.8227 5.1027 4.8027 4.5927 4.2927

e ~Ry! 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.00

ss 4.3328 3.0228 2.0228 1.4728 1.0828 8.4129 6.6029 5.2629

ps 1.1625 9.1426 7.1526 5.5426 4.1326 3.0626 2.2226 1.5026

ds 1.2227 9.8428 7.1228 5.1228 3.2728 2.0228 1.0928 5.4329

f s 7.1026 5.3926 3.5526 2.0526 1.3226 8.5227 4.1027 1.5727

gs 2.0328 9.2229 2.9729 4.25210 8.25211 6.50210 1.1529 1.2929

hs 1.5925 1.6025 1.4325 1.0425 8.3526 7.3726 5.2226 3.4826

pp 8.5225 7.0025 5.5725 4.1925 3.0625 2.1525 1.4825 9.8326

dp 5.44210 4.86210 4.48210 4.07210 3.75210 3.45210 3.19210 2.92210

f p 1.8626 1.0926 5.9427 4.6027 3.4027 3.0927 2.2527 1.5127

gp 1.63211 1.61211 1.81211 2.08211 2.40211 2.77211 3.33211 3.94211

hp 3.9627 3.4027 2.9427 2.4127 1.8927 1.4427 1.0327 6.8928
a
a
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work, the only consistent agreement between experiment
theory within the measurement error bars is that of the d
by Shahet al.7 and the present results.

5. Conclusion

We have computed single-differential, partial, and to
ionization cross sections for the proton–hydrogen atom
lision system in the energy region of 0.1–10 keV/u. All da
are included in numerical and graphical form with this pap
. Data, Vol. 33, No. 4, 2004
nd
ta

l
l-

r.

In a series of tables, we present single differential ionizat
cross sections resolved with respect to electron angular
mentum, energy of the ejected electron, and collision ene
of the nuclei. It is found that the upper electronic leve
promote ionization forg components, while in the case ofu
components the upper levels behave as trap for the ioniza
flux to continuum, especially the excitation to 2ppu state.
The present cross sections are in excellent agreement
the recent experiments of Shahet al.7 but decrease more rap
idly than the cross sections measured by Pieksmaet al.6 with
decreasing energy. The numerical data for all cross sect
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TABLE 5. Single differential cross sections~in 10216 cm2) at E50.42 keV/amu

e ~Ry! 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.02

ss 4.1626 4.1126 4.0526 3.9926 3.9126 3.8326 3.7526 3.6526

ps 3.7124 3.6424 3.5724 3.4824 3.3824 3.2624 3.1324 2.9824

ds 1.0026 1.0226 1.0526 1.0826 1.1126 1.1526 1.2026 1.2626

f s 4.4124 4.3324 4.2324 4.1124 3.9624 3.7724 3.5424 3.2624

gs 2.9726 2.9126 2.8626 2.7926 2.7326 2.6626 2.5826 2.5126

hs 4.6925 4.6125 4.5525 4.5225 4.5725 4.7025 4.9725 5.4225

pp 3.9323 3.9623 3.9823 4.0223 4.0623 4.1023 4.1623 4.2223

dp 2.1628 2.1528 2.1428 2.1228 2.1128 2.0728 2.0528 2.0228

f p 5.7625 5.7925 5.8025 5.8125 5.7925 5.7525 5.6625 5.5125

gp 1.3128 1.3428 1.3728 1.4128 1.4528 1.4928 1.5328 1.5628

hp 2.4126 2.1626 1.8926 1.6126 1.3326 1.0626 8.1227 6.2327

e ~Ry! 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.09

ss 3.5426 3.4126 3.2626 3.0826 2.8526 2.5726 2.2426 1.9126

ps 2.8124 2.6124 2.4024 2.1624 1.9024 1.6324 1.3624 1.1124

ds 1.3226 1.3926 1.4626 1.5126 1.5326 1.5126 1.4226 1.2926

f s 2.9424 2.5824 2.1924 1.8224 1.5224 1.3224 1.2424 1.2024

gs 2.4326 2.3526 2.2726 2.1826 2.0626 1.9026 1.6926 1.4426

hs 6.0825 6.9725 8.0525 9.1725 1.0024 1.0324 9.5725 8.1625

pp 4.2823 4.3423 4.3823 4.4023 4.3723 4.2623 4.0623 3.7423

dp 1.9728 1.9128 1.8528 1.7828 1.7128 1.6628 1.6328 1.6228

f p 5.2925 4.9725 4.5525 4.0425 3.4725 2.9325 2.5525 2.4925

gp 1.5828 1.5728 1.5428 1.4728 1.3628 1.2128 1.0528 8.7029

hp 5.2827 5.7227 8.0627 1.2826 2.0126 2.9626 4.0126 4.9326

e ~Ry! 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.30

ss 1.6526 1.5126 1.4726 1.3826 1.1726 9.3827 7.2027 5.9527

ps 8.8225 6.9725 5.5125 4.3225 3.2725 2.4225 2.0225 1.9125

ds 1.1426 1.0526 1.0226 9.6627 8.8427 8.8127 8.0627 5.9827

f s 1.1024 9.1025 8.0425 8.7525 7.9225 5.6525 6.1025 3.4125

gs 1.1926 1.0226 8.9827 7.3627 5.1127 3.7227 2.7227 1.4927

hs 7.2425 8.4825 1.1524 1.2224 8.5025 9.3225 1.2924 8.0325

pp 3.3423 2.9023 2.5323 2.3223 2.2523 2.1523 1.8723 1.4823

dp 1.6128 1.5828 1.5228 1.4928 1.4828 1.4328 1.3728 1.3528

f p 2.8825 3.6625 4.4325 4.4925 3.3325 1.5825 1.0625 2.1625

gp 6.8229 4.6629 2.3929 7.10210 1.85210 4.05210 8.12210 7.95210

hp 5.4526 5.3926 4.7826 3.7226 2.5226 2.0326 2.4826 2.7426

e ~Ry! 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.00

ss 5.7427 4.3027 3.4827 3.1027 2.3827 1.9827 1.6127 1.2327

ps 1.8625 1.7725 1.5425 1.3125 1.0325 8.1326 6.8426 6.0726

ds 5.3127 3.9727 2.9527 2.1727 1.4527 8.5628 4.4328 2.3428

f s 2.9525 2.1825 1.3725 1.0325 5.8026 3.5626 1.5926 6.4727

gs 9.1628 3.7728 1.2828 2.3629 7.95210 2.9229 4.8729 5.7629

hs 1.0924 7.4925 6.6125 6.2325 4.7325 3.3025 2.4625 1.4225

pp 1.2423 1.0723 8.0124 6.2724 4.5824 3.3324 2.2624 1.5124

dp 1.2928 1.2628 1.2228 1.1628 1.1128 1.0528 9.9229 9.2329

f p 2.1525 7.1126 1.0925 7.3726 5.5726 3.1926 3.3726 2.1526

gp 3.03210 1.16210 2.24210 1.37210 1.85210 1.83210 2.38210 2.97210

hp 2.5126 2.0926 1.8326 1.5526 1.2526 9.4427 6.8627 4.6227
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spresented here were obtained with a semiclass
molecular-orbital close-coupling method using the elect
translation factor. This method provides all measurable qu
tities in the real coordinate space before the total ioniza
cross sections can be finally calculated.

Previous experimental and theoretical methods were c
cally evaluated throughout the manuscript, especially in S
4. For the total ionization cross sections, the data by S
et al.7 are recommended. Experimental data reported
Pieksmaet al.6 provide valuable insight, especially into th
al
n
n-
n

i-
c.
h
y

velocity distributions of ionized electrons. Hidden-crossi
calculations yield different results based on the promot
mechanisms considered. Also the previous close-coup
calculations differed based on the number of expansion c
ters and did not exhibit a fully satisfactory agreement w
the experiments. Within the energy region of 100–10 keV
considered here, the only consistent agreement between
periment and theory until present is that of the data by S
et al.7 and our results. The state-resolved differential cro
sections are reported for the first time, in this detail.
J. Phys. Chem. Ref. Data, Vol. 33, No. 4, 2004



8

3

5

0

10421042 PICHL ET AL.

J. Phys. Chem. Ref
TABLE 6. Single differential cross sections~in 10216 cm2) at E50.74 keV/amu

e ~Ry! 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.02

ss 1.1525 1.1425 1.1225 1.1125 1.0925 1.0725 1.0525 1.0225

ps 2.9323 2.8923 2.8423 2.7923 2.7323 2.6623 2.5823 2.4823

ds 3.7626 3.6726 3.5826 3.4726 3.3426 3.2126 3.0626 2.9026

f s 1.0623 1.0423 1.0223 9.9424 9.6624 9.3324 8.9524 8.5024

gs 5.9826 5.8726 5.7426 5.5926 5.4226 5.2226 4.9926 4.7226

hs 1.0824 1.0724 1.0624 1.0524 1.0324 1.0124 9.8425 9.5225

pp 7.7623 7.8023 7.8423 7.8923 7.9523 8.0223 8.1023 8.1823

dp 1.1527 1.1327 1.1027 1.0827 1.0527 1.0227 9.9228 9.5928

f p 2.3624 2.3824 2.3924 2.4124 2.4124 2.4224 2.4124 2.3924

gp 6.1327 5.9927 5.8427 5.6627 5.4627 5.2327 4.9727 4.6827

hp 3.4924 3.4724 3.4524 3.4224 3.3824 3.3424 3.2924 3.2324

e ~Ry! 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.09

ss 9.9826 9.7326 9.4926 9.2826 9.0926 8.9326 8.7726 8.5426

ps 2.3823 2.2723 2.1423 2.0123 1.8623 1.7123 1.5623 1.4023

ds 2.7326 2.5726 2.4226 2.3126 2.2626 2.3026 2.4426 2.6826

f s 8.0024 7.4324 6.8224 6.1824 5.5524 4.9724 4.4824 4.1024

gs 4.4326 4.1226 3.8026 3.4826 3.2026 2.9626 2.7926 2.6526

hs 9.1525 8.7425 8.3325 7.9825 7.7625 7.7525 7.9125 8.0225

pp 8.2823 8.3723 8.4523 8.5123 8.5223 8.4623 8.2923 7.9723

dp 9.2528 8.9028 8.5528 8.2028 7.8528 7.5028 7.1528 6.8128

f p 2.3524 2.2824 2.1824 2.0324 1.8324 1.5724 1.2724 9.5225

gp 4.3527 3.9927 3.6027 3.1827 2.7427 2.3027 1.8827 1.5027

hp 3.1524 3.0524 2.9324 2.7824 2.5924 2.3624 2.0924 1.7924

e ~Ry! 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.30

ss 8.1426 7.4726 6.5726 5.6226 4.8626 4.3726 4.0326 3.7526

ps 1.2423 1.0823 9.2424 7.6324 5.9624 4.3224 2.8724 1.8324

ds 2.9726 3.2226 3.3026 3.1526 2.8126 2.2526 1.4526 9.3127

f s 3.8024 3.4924 3.1224 2.6924 2.2024 1.6024 9.3325 5.8025

gs 2.4626 2.1426 1.6726 1.1926 9.0327 7.6727 5.2627 2.6927

hs 7.7525 7.0525 7.0325 9.5725 1.3824 1.3424 8.5425 1.0324

pp 7.4923 6.8723 6.1723 5.5123 5.0023 4.7023 4.4523 4.0323

dp 6.4728 6.1628 5.8828 5.6328 5.3628 5.1128 5.0228 5.0328

f p 6.4825 4.1625 3.0325 3.1625 3.9025 4.0725 3.0125 1.7725

gp 1.1727 9.2328 7.4428 6.2128 5.2228 4.1328 2.7728 1.3628

hp 1.4624 1.1324 8.2225 5.7825 4.2325 3.6825 3.8225 3.8325

e ~Ry! 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.00

ss 3.3826 2.7526 2.3626 2.1126 1.7026 1.4226 1.1326 8.9627

ps 1.2124 7.9325 4.8425 3.4225 2.8925 2.3625 1.6325 1.0225

ds 1.0126 8.6527 6.1627 3.2627 2.6427 1.5527 8.5528 4.2428

f s 5.3825 4.1125 2.8425 1.9725 1.0425 9.0126 2.9026 1.8826

gs 1.7727 7.4728 3.0928 6.9529 3.3129 6.5129 1.0028 1.0728

hs 1.1424 1.0924 9.5825 9.5325 7.8925 6.2225 4.4725 3.5325

pp 3.3623 2.7323 2.2923 1.8323 1.3623 1.0223 7.0624 4.8124

dp 4.8728 4.6428 4.4428 4.3328 4.0928 3.8928 3.6528 3.4028

f p 2.1025 3.0725 2.0825 1.0325 1.5825 7.5726 7.8326 3.9226

gp 4.2429 1.1429 1.7129 1.6629 3.97210 4.42210 3.58210 4.80210

hp 3.2125 2.2125 1.4125 1.1025 8.2926 5.2226 3.4526 2.0926
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7. Appendix A: One-Electron
Diatomic-Molecule Orbitals

The Hamiltonian of one electron moving in the field
two fixed chargesZA andZB is given as

hel52
1

2m
¹ r

22
ZA

r A
2

ZB

r B
. ~A1!
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In the prolate spheroidal coordinates, the correspond
Schrödinger equation is separable, and we obtain for
wave function components

F d2

df2
2m2GV~f!50, ~A2!

F d2

dj
~j221!

d

dj
2

m2

j221
1RZ1j2c2~j221!1AGX~j,R!

50, ~A3!

TABLE 7. Single differential cross sections~in 10216 cm2) at E
51.06 keV/amu

e ~Ry! 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.0

ss 2.7025 2.6825 2.6525 2.6225 2.5925 2.5525 2.5025 2.4525

ps 8.4423 8.3623 8.2623 8.1623 8.0423 7.9023 7.7323 7.5423

ds 3.0925 3.0925 3.0825 3.0825 3.0725 3.0725 3.0725 3.0725

f s 1.8123 1.8023 1.7923 1.7723 1.7623 1.7523 1.7323 1.7123

gs 1.1825 1.1725 1.1625 1.1425 1.1325 1.1125 1.0825 1.0625

hs 1.1924 1.2324 1.2724 1.3224 1.3824 1.4524 1.5324 1.6224

pp 1.4622 1.4422 1.4222 1.3922 1.3622 1.3322 1.2922 1.2422

dp 2.7526 2.6826 2.6126 2.5226 2.4326 2.3326 2.2226 2.1026

f p 3.1424 2.9224 2.6824 2.4324 2.1624 1.8924 1.6224 1.3624

gp 1.1525 1.1525 1.1425 1.1425 1.1325 1.1225 1.1125 1.0925

hp 3.2324 3.2224 3.2024 3.1924 3.1824 3.1824 3.1824 3.1924

e ~Ry! 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.0

ss 2.4025 2.3425 2.2725 2.2025 2.1225 2.0525 1.9725 1.9025

ps 7.3323 7.0823 6.8023 6.4823 6.1123 5.7123 5.2623 4.7723

ds 3.0825 3.0925 3.1025 3.1225 3.1325 3.1425 3.1225 3.0525

f s 1.6923 1.6723 1.6423 1.6023 1.5623 1.4923 1.4023 1.2823

gs 1.0225 9.7526 9.2126 8.5426 7.7326 6.7726 5.7026 4.6126

hs 1.7224 1.8224 1.9024 1.9724 1.9924 1.9424 1.8124 1.5824

pp 1.2022 1.1522 1.0922 1.0422 9.8323 9.3323 8.9123 8.6123

dp 1.9626 1.8226 1.6726 1.5126 1.3426 1.1726 1.0126 8.4127

f p 1.1224 9.3925 8.2425 8.0125 8.8925 1.1024 1.4224 1.8224

gp 1.0725 1.0525 1.0225 9.8026 9.3126 8.7026 7.9526 7.0626

hp 3.2124 3.2424 3.2824 3.3324 3.3724 3.4024 3.3924 3.3324

e ~Ry! 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.3

ss 1.8325 1.7625 1.6825 1.5925 1.4725 1.3125 1.1425 1.0125

ps 4.2623 3.7423 3.2223 2.7123 2.2323 1.7823 1.3423 9.4224

ds 2.9125 2.6825 2.3325 1.8925 1.4125 9.5926 6.3726 5.1926

f s 1.1223 9.2824 7.5224 6.3224 5.7024 4.9024 3.2024 1.5224

gs 3.5926 2.7926 2.2726 1.9526 1.6426 1.2626 9.0827 6.2727

hs 1.2924 1.0024 8.1625 8.2325 1.0524 1.3524 1.4124 1.2024

pp 8.4723 8.4723 8.5823 8.6623 8.5223 8.0223 7.1323 6.0923

dp 6.8727 5.4727 4.2627 3.2927 2.5727 2.0727 1.7327 1.4627

f p 2.2124 2.4924 2.5224 2.2324 1.6524 9.5125 4.5025 3.2925

gp 6.0326 4.9126 3.7526 2.6726 1.7626 1.1026 7.0627 4.8627

hp 3.1924 2.9524 2.5924 2.1124 1.5724 1.0224 5.6025 2.7525

e ~Ry! 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.0

ss 9.4226 8.7726 7.6226 6.3526 5.5026 4.6126 3.6626 2.9326

ps 6.2824 4.1024 2.5224 1.2824 6.6925 4.6325 3.3825 2.5325

ds 5.3026 4.3026 2.0626 7.6727 6.0127 3.3827 1.1727 7.7328

f s 1.0224 8.4325 6.9125 3.0725 1.5325 9.0926 7.6226 2.7326

gs 3.4327 1.7127 7.6528 2.2528 9.1629 7.9829 1.1328 1.3028

hs 1.3324 1.4424 1.2224 1.0124 8.6825 6.8925 5.8325 4.0525

pp 5.2423 4.6523 4.0423 3.2323 2.5023 1.9323 1.3823 9.6524

dp 1.2227 1.0427 9.5028 9.0628 8.4928 7.8828 7.4728 6.8328

f p 4.2725 3.7825 1.8525 2.0625 2.7325 1.1625 1.3025 7.4826

gp 3.2927 1.8327 6.9228 1.5028 8.8929 1.0328 1.7629 1.5629

hp 1.8325 1.9525 1.9725 1.3825 7.2526 4.9126 3.6226 2.0326
g
e F d2

dh
~12h2!

d

dh
2

m2

12h2
1RZ1h2c2~12h2!2AG

3Y~h,R!50, ~A4!

wherec is the energy parameter, i.e.,e522c2/R2 ~discrete
state! or e52c2/R2 ~continuum state!, Z1 andZ2 are charge
parameters given byZ15ZB1ZA andZ25ZB2ZA . Herem

TABLE 8. Single differential cross sections~in 10216 cm2) at E
51.38 keV/amu

e ~Ry! 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.02

ss 5.4125 5.4025 5.3825 5.3725 5.3625 5.3525 5.3425 5.3325

ps 1.6622 1.6522 1.6322 1.6122 1.5822 1.5522 1.5222 1.4922

ds 9.5525 9.5025 9.4525 9.3825 9.3025 9.2025 9.0725 8.9325

f s 2.7723 2.7023 2.6323 2.5523 2.4523 2.3523 2.2323 2.1123

gs 1.2425 1.2225 1.1925 1.1625 1.1325 1.1025 1.0625 1.0125

hs 1.3324 1.3324 1.3424 1.3424 1.3424 1.3424 1.3424 1.3424

pp 1.8522 1.8522 1.8522 1.8422 1.8422 1.8322 1.8222 1.8122

dp 1.2825 1.2525 1.2225 1.1825 1.1425 1.1025 1.0525 9.9326

f p 2.2923 2.2323 2.1523 2.0723 1.9723 1.8623 1.7423 1.6023

gp 3.4125 3.3925 3.3625 3.3325 3.3025 3.2725 3.2325 3.1925

hp 4.8224 4.6924 4.5324 4.3724 4.1924 4.0024 3.7924 3.5824

e ~Ry! 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.09

ss 5.3325 5.3325 5.3425 5.3525 5.3725 5.3725 5.3525 5.2925

ps 1.4522 1.4022 1.3522 1.3022 1.2422 1.1722 1.1022 1.0222

ds 8.7525 8.5325 8.2725 7.9525 7.5825 7.1525 6.6625 6.1325

f s 1.9723 1.8323 1.6823 1.5423 1.4023 1.2823 1.1823 1.1123

gs 9.6626 9.1826 8.7126 8.2826 7.9326 7.6626 7.4826 7.3126

hs 1.3324 1.3224 1.2924 1.2524 1.2124 1.1624 1.1424 1.1724

pp 1.8022 1.7722 1.7422 1.7022 1.6422 1.5722 1.4922 1.3922

dp 9.3426 8.7126 8.0526 7.3526 6.6226 5.8826 5.1426 4.4126

f p 1.4523 1.2823 1.1123 9.1924 7.2724 5.4124 3.7024 2.2724

gp 3.1525 3.1025 3.0525 3.0025 2.9425 2.8725 2.7825 2.6725

hp 3.3724 3.1524 2.9524 2.7624 2.6024 2.4624 2.3624 2.2824

e ~Ry! 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.30

ss 5.1525 4.9125 4.5625 4.1225 3.6425 3.2125 2.8625 2.6025

ps 9.2623 8.2923 7.2523 6.1723 5.1023 4.0823 3.1923 2.4523

ds 5.5925 5.0825 4.6625 4.3725 4.1825 3.9825 3.5425 2.7225

f s 1.0823 1.0623 1.0523 1.0323 9.7324 8.6624 6.8624 4.5324

gs 7.0226 6.3926 5.2526 3.6526 2.0626 1.0526 7.4527 5.9627

hs 1.2624 1.4124 1.5124 1.4724 1.3724 1.5424 2.0324 2.0024

pp 1.2822 1.1722 1.0622 9.7823 9.2323 8.9723 8.8123 8.4523

dp 3.6926 3.0126 2.3726 1.8126 1.3426 9.7027 7.1627 5.5127

f p 1.2524 7.4825 7.7725 1.2224 1.8224 2.1824 2.0224 1.3624

gp 2.5225 2.3325 2.0725 1.7425 1.3625 9.6026 5.9826 3.3026

hp 2.2224 2.1524 2.0524 1.8924 1.6524 1.3224 9.4325 5.6525

e ~Ry! 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.00

ss 2.4125 2.2225 1.9225 1.5925 1.3525 1.1425 9.0526 7.1926

ps 1.8123 1.2423 7.5024 4.1124 2.2824 1.1624 5.6525 3.8625

ds 1.7025 9.1926 5.7126 4.6226 2.5626 6.8227 3.5927 1.4527

f s 2.6624 1.9224 1.3324 6.0125 3.4625 1.8725 5.7326 3.0926

gs 3.2627 2.4027 1.7027 5.2828 2.7528 2.2728 2.1928 2.2028

hs 1.4324 2.0424 1.7524 9.2125 1.1324 1.0324 6.1025 4.5725

pp 7.6523 6.5123 5.4323 4.6123 3.8023 2.9023 2.1723 1.5523

dp 4.3427 3.4027 2.7327 2.4227 2.2027 1.9127 1.7027 1.5327

f p 6.3225 3.2425 3.8025 3.1925 1.5325 2.3025 1.8425 9.8026

gp 1.7526 1.0426 6.3927 2.9927 8.3428 1.7528 2.1828 8.8429

hp 2.6225 8.2026 2.5526 4.4526 6.0126 3.9526 1.7826 1.5026
J. Phys. Chem. Ref. Data, Vol. 33, No. 4, 2004
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andA are the separation constants. The solution of Eq.~A2!
givesV(f)5exp(imp)/A$2p%. Finally, the electronic bound
and continuum-state wave function

wk~r ;R!5wk~j,h,w;R!

can be factorized and written as

wk~j,h,f;R!5Ck~R!Xk~j;R!Yk~h;R!exp~ imf!/A2p,
~A5!

TABLE 9. Single differential cross sections~in 10216 cm2) at E
51.70 keV/amu

e ~Ry! 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.0

ss 1.1724 1.1624 1.1524 1.1424 1.1224 1.1124 1.0924 1.0724

ps 2.8622 2.8322 2.8022 2.7622 2.7122 2.6622 2.6022 2.5422

ds 1.3724 1.3724 1.3824 1.3824 1.3824 1.3924 1.3924 1.4024

f s 4.9123 4.9023 4.8823 4.8623 4.8423 4.8123 4.7723 4.7223

gs 7.5926 7.6826 7.7926 7.9326 8.1026 8.3026 8.5326 8.7926

hs 1.6024 1.5924 1.5924 1.6024 1.6224 1.6424 1.6924 1.7524

pp 1.4522 1.4622 1.4722 1.4922 1.5022 1.5222 1.5322 1.5522

dp 3.0525 2.9925 2.9225 2.8325 2.7425 2.6425 2.5325 2.4025

f p 4.2623 4.2123 4.1423 4.0723 3.9823 3.8823 3.7623 3.6223

gp 8.1225 8.0125 7.8825 7.7425 7.5825 7.4125 7.2125 7.0025

hp 1.4623 1.4323 1.3923 1.3423 1.2923 1.2423 1.1823 1.1223

e ~Ry! 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.0

ss 1.0424 1.0124 9.8325 9.5025 9.1325 8.7525 8.3625 7.9825

ps 2.4722 2.3822 2.2922 2.2022 2.0922 1.9722 1.8522 1.7122

ds 1.4024 1.4024 1.4024 1.3924 1.3824 1.3624 1.3324 1.2824

f s 4.6523 4.5723 4.4723 4.3423 4.1723 3.9623 3.6923 3.3523

gs 9.0626 9.3126 9.5026 9.5726 9.4326 8.9726 8.1226 6.8426

hs 1.8424 1.9824 2.1524 2.3824 2.6624 2.9824 3.3024 3.5624

pp 1.5822 1.6022 1.6222 1.6422 1.6622 1.6722 1.6722 1.6522

dp 2.2625 2.1225 1.9625 1.7925 1.6225 1.4525 1.2725 1.0925

f p 3.4623 3.2623 3.0423 2.7823 2.4923 2.1623 1.8023 1.4323

gp 6.7825 6.5425 6.2925 6.0325 5.7725 5.5225 5.2825 5.0525

hp 1.0523 9.8024 9.0424 8.2624 7.4624 6.6524 5.8524 5.0624

e ~Ry! 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.3

ss 7.6525 7.3825 7.2125 7.1125 7.0125 6.8125 6.4025 5.7725

ps 1.5722 1.4222 1.2722 1.1122 9.5023 7.8823 6.2923 4.8023

ds 1.2124 1.1124 9.9425 8.5625 7.1325 5.8525 4.8925 4.2825

f s 2.9423 2.4723 1.9623 1.4623 1.0523 7.9824 6.9624 6.4224

gs 5.2626 3.6826 2.5226 2.1326 2.3926 2.5526 1.8826 7.0627

hs 3.6624 3.5024 3.0524 2.4424 1.9524 1.7824 1.7024 1.4724

pp 1.6122 1.5422 1.4522 1.3322 1.2022 1.0722 9.8023 9.2023

dp 9.2426 7.6126 6.0826 4.6826 3.4626 2.4526 1.6926 1.1926

f p 1.0623 7.0624 4.1224 2.0324 9.7525 8.9425 1.3824 1.8024

gp 4.8225 4.5925 4.3225 3.9725 3.5125 2.9125 2.1925 1.4425

hp 4.3024 3.5624 2.8524 2.1824 1.5724 1.0624 6.8125 4.4225

e ~Ry! 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.0

ss 5.0325 4.3025 3.7025 3.2525 2.7725 2.2325 1.7825 1.4125

ps 3.4923 2.4423 1.6423 1.0423 5.7924 2.7724 1.3224 6.4525

ds 3.8125 3.0825 1.9525 9.4126 4.9526 3.2426 1.2126 2.9727

f s 5.3124 3.7924 2.2924 1.2524 9.7425 3.3125 1.3125 7.1726

gs 1.5127 2.2027 1.6927 1.2327 1.0827 4.9028 4.0628 4.0728

hs 1.8624 2.9324 2.2824 1.7224 1.6824 8.4025 7.9825 6.6625

pp 8.7523 8.1123 7.0723 5.8523 4.8123 3.9123 2.9623 2.1523

dp 8.9127 6.8427 5.1427 4.0327 3.6227 3.2527 2.7327 2.4827

f p 1.6324 9.4025 3.6425 2.9225 3.1525 1.6525 1.9125 1.7825

gp 7.9526 3.8126 1.9026 1.1126 5.4327 1.5527 3.0128 3.0828

hp 3.2025 2.5525 1.7925 8.1326 2.3726 3.1326 3.9126 1.8926
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where Ck(R) is the normalization constant, and function
Xk(j,R) andYk(h,R) describe the quasiradial and quasia
gular motions of electron, respectively. The indexm labels
the component of electronic angular momentum on theR
axis. Several methods have been developed through the y
which can treat these kinds of differential equations~A2!,
~A3!, and ~A4! in which the separation constantA and en-
ergy constantc areR dependent.28–34

The bound state wave functions bothX(j,R) andY(h,R)
can be expanded in a suitable power series~there are severa

TABLE 10. Single differential cross sections~in 10216 cm2) at E
52.02 keV/amu

e ~Ry! 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.02

ss 1.8924 1.8824 1.8624 1.8424 1.8224 1.8024 1.7724 1.7424

ps 4.4322 4.3922 4.3322 4.2722 4.2022 4.1322 4.0422 3.9422

ds 1.7724 1.7624 1.7624 1.7524 1.7524 1.7524 1.7424 1.7424

f s 3.2223 3.2023 3.1923 3.1823 3.1623 3.1423 3.1223 3.1123

gs 2.9725 2.8525 2.7225 2.5825 2.4225 2.2425 2.0425 1.8425

hs 3.7124 3.5724 3.4124 3.2524 3.0824 2.9124 2.7324 2.5724

pp 1.4122 1.4122 1.4122 1.4122 1.4022 1.4022 1.4122 1.4122

dp 5.7625 5.6525 5.5225 5.3825 5.2225 5.0425 4.8325 4.6125

f p 5.4423 5.4223 5.3823 5.3423 5.2923 5.2323 5.1523 5.0623

gp 1.6924 1.6624 1.6324 1.6024 1.5624 1.5224 1.4724 1.4224

hp 2.8523 2.8023 2.7523 2.6823 2.6123 2.5323 2.4523 2.3523

e ~Ry! 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.09

ss 1.7124 1.6724 1.6324 1.5924 1.5424 1.4924 1.4424 1.3824

ps 3.8322 3.7022 3.5622 3.4122 3.2422 3.0622 2.8622 2.6522

ds 1.7424 1.7324 1.7324 1.7424 1.7424 1.7524 1.7524 1.7524

f s 3.0923 3.0723 3.0523 3.0423 3.0323 3.0223 3.0223 3.0123

gs 1.6225 1.3925 1.1825 9.7326 7.9926 6.7126 5.9626 5.7526

hs 2.4224 2.3024 2.2224 2.1924 2.2324 2.3724 2.6324 3.0424

pp 1.4122 1.4222 1.4322 1.4522 1.4722 1.5022 1.5322 1.5522

dp 4.3725 4.1025 3.8225 3.5225 3.2025 2.8725 2.5425 2.2125

f p 4.9523 4.8123 4.6423 4.4323 4.1723 3.8623 3.4923 3.0723

gp 1.3624 1.3024 1.2424 1.1724 1.0924 1.0224 9.4325 8.7325

hp 2.2523 2.1323 2.0223 1.8923 1.7523 1.6123 1.4723 1.3123

e ~Ry! 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.30

ss 1.3224 1.2724 1.2124 1.1524 1.0924 1.0424 9.8425 9.1725

ps 2.4322 2.2022 1.9622 1.7222 1.4822 1.2422 1.0222 8.0923

ds 1.7524 1.7324 1.6824 1.5824 1.4324 1.2224 9.7425 7.3225

f s 3.0123 2.9923 2.9423 2.8323 2.6023 2.2023 1.6423 1.0523

gs 5.9426 6.1526 5.9126 4.8926 3.2326 1.7126 1.1026 1.2226

hs 3.6224 4.3624 5.1824 5.8424 5.9824 5.2624 3.8024 2.3724

pp 1.5822 1.5922 1.5722 1.5222 1.4422 1.3222 1.1922 1.0622

dp 1.8925 1.5825 1.2925 1.0225 7.6826 5.5226 3.7426 2.4326

f p 2.5923 2.0623 1.5223 1.0123 5.8224 2.8024 1.2924 1.0924

gp 8.0825 7.4925 6.9725 6.4925 5.9725 5.3425 4.5025 3.4525

hp 1.1523 9.8524 8.1024 6.3024 4.5124 2.8524 1.4824 5.7025

e ~Ry! 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.00

ss 8.3425 7.3725 6.3925 5.4725 4.6225 3.8325 3.0825 2.4025

ps 6.1823 4.4723 3.0123 1.8923 1.1323 6.3524 2.9424 1.2424

ds 5.4425 4.2525 3.4325 2.4525 1.2925 5.5726 2.9926 1.2126

f s 6.4324 4.6324 3.5524 2.5924 1.5824 8.3325 3.8025 9.3526

gs 1.0326 4.3527 2.3827 2.7327 1.9627 1.3427 7.0228 4.7328

hs 1.7424 1.7724 2.0724 2.3624 1.6624 1.3824 8.3925 6.7925

pp 9.6423 8.9223 8.1923 7.1523 5.8923 4.7523 3.7623 2.7923

dp 1.6026 1.1326 8.3927 6.1027 4.7227 4.2127 3.6627 3.1927

f p 1.4524 1.5324 9.9925 3.8225 2.3625 2.6625 1.5525 1.7925

gp 2.2925 1.2625 5.7726 2.6526 1.4626 6.6727 1.6727 3.6328

hp 1.8825 2.0425 3.4225 3.5425 1.9625 5.5126 4.1126 5.1126
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possibilities,31,32 e.g., obtaining recursion relations for th
coefficients and solving them by matrix or infinite continu
fraction methods!. In the present study, the radial wave fun
tion X(j,R) is expanded in

X~j;R!5~j221!m/2~j11!s exp~2cj!(
t50

gtS j21

j11D t

~A6!

with

s5R~11ZB /ZA!/2c2m21,

TABLE 11. Single differential cross sections~in 10216 cm2) at E
52.34 keV/amu

e ~Ry! 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.0

ss 2.8124 2.7924 2.7724 2.7424 2.7224 2.6824 2.6424 2.6024

ps 6.2822 6.2222 6.1522 6.0722 5.9822 5.8722 5.7622 5.6222

ds 2.9224 2.8924 2.8624 2.8224 2.7824 2.7324 2.6824 2.6224

f s 3.9523 3.9023 3.8523 3.7923 3.7223 3.6423 3.5623 3.4523

gs 7.9925 7.8825 7.7525 7.5925 7.4025 7.1825 6.9225 6.6225

hs 1.3623 1.3223 1.2723 1.2223 1.1623 1.1023 1.0423 9.6524

pp 1.9022 1.8822 1.8622 1.8422 1.8122 1.7822 1.7522 1.7222

dp 9.8925 9.7125 9.5125 9.2825 9.0225 8.7325 8.4125 8.0525

f p 6.2923 6.2723 6.2423 6.2123 6.1723 6.1323 6.0823 6.0123

gp 3.0324 2.9924 2.9424 2.8824 2.8224 2.7524 2.6724 2.5824

hp 4.6423 4.5823 4.5023 4.4123 4.3123 4.2123 4.0923 3.9623

e ~Ry! 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.09

ss 2.5424 2.4824 2.4124 2.3324 2.2524 2.1524 2.0524 1.9424

ps 5.4722 5.3022 5.1122 4.8922 4.6622 4.4122 4.1322 3.8422

ds 2.5624 2.5024 2.4324 2.3624 2.2824 2.2124 2.1424 2.0824

f s 3.3423 3.2123 3.0723 2.9223 2.7623 2.6023 2.4423 2.2923

gs 6.2625 5.8525 5.3725 4.8225 4.2125 3.5625 2.8925 2.2325

hs 8.9224 8.1624 7.4024 6.6624 5.9524 5.3024 4.7124 4.2224

pp 1.6922 1.6622 1.6222 1.5922 1.5622 1.5422 1.5322 1.5222

dp 7.6525 7.2225 6.7525 6.2525 5.7225 5.1725 4.6125 4.0525

f p 5.9423 5.8423 5.7323 5.5823 5.4023 5.1723 4.8823 4.5123

gp 2.4724 2.3624 2.2424 2.1024 1.9624 1.8124 1.6624 1.5024

hp 3.8223 3.6723 3.5123 3.3423 3.1723 2.9823 2.7823 2.5623

e ~Ry! 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.30

ss 1.8424 1.7424 1.6524 1.5724 1.5024 1.4524 1.3924 1.3224

ps 3.5322 3.2022 2.8722 2.5222 2.1822 1.8322 1.5022 1.1922

ds 2.0224 1.9824 1.9424 1.9124 1.8724 1.7824 1.6224 1.3724

f s 2.1723 2.0823 2.0423 2.0523 2.1023 2.1623 2.1823 2.0023

gs 1.6425 1.1725 8.5326 6.8626 5.9826 4.9526 3.3526 1.7726

hs 3.8324 3.6024 3.6224 4.0324 4.8724 5.9024 6.4424 5.7424

pp 1.5322 1.5422 1.5522 1.5522 1.5322 1.4722 1.3722 1.2422

dp 3.5025 2.9625 2.4625 2.0025 1.5625 1.1725 8.3126 5.4726

f p 4.0723 3.5323 2.9223 2.2623 1.5923 9.8424 5.1524 2.3224

gp 1.3524 1.2224 1.0924 9.9025 9.0025 8.1725 7.2425 6.0625

hp 2.3323 2.0823 1.7923 1.4823 1.1523 8.1724 5.0224 2.4324

e ~Ry! 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.00

ss 1.2124 1.0724 9.2125 7.8825 6.7825 5.7125 4.6025 3.6525

ps 9.2323 6.9123 4.9523 3.2823 1.9623 1.0923 5.8224 2.5724

ds 1.0524 7.2925 4.9825 3.6025 2.5325 1.3825 5.5226 2.4626

f s 1.5523 9.4024 4.9724 3.1924 2.4124 1.6624 7.1825 2.7225

gs 1.0326 8.4627 5.4727 3.6727 3.6927 2.8527 1.4627 6.4228

hs 3.9024 2.2024 1.7324 1.9324 1.8024 1.5524 9.6525 7.8125

pp 1.1122 9.8823 8.9523 8.0723 6.9423 5.6423 4.4723 3.4323

dp 3.3926 2.0826 1.3726 9.6627 6.7827 5.1727 4.4427 3.8627

f p 1.3124 1.3424 1.3724 8.8625 3.3225 2.0725 2.1325 1.4125

gp 4.5925 2.9725 1.5725 6.7726 3.0426 1.6026 6.2327 1.2627

hp 7.5025 1.1425 2.5025 5.5125 5.4825 2.6725 6.7826 6.1926
and the angular wave functionY(h,R) is expanded in

Y~h;R!5exp~2ch!(
l 5m

dl Pl
m~h!. ~A7!

Here Pl
m(h) denotes the associated Legendre polynomi

The obtained three term recursion relations forgt anddl are
then solved by the infinite continued fraction method. Usi
this method it was possible to obtain the potential curv
with accuracy better than ten significant digits. To comp
the electronic wave functions and couplings simply, the fu
tion Y(h,R) is written as

TABLE 12. Single differential cross sections~in 10216 cm2) at E
52.65 keV/amu

e ~Ry! 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.02

ss 4.0924 4.0824 4.0624 4.0424 4.0124 3.9824 3.9424 3.8924

ps 8.2522 8.1822 8.0922 7.9922 7.8822 7.7522 7.6022 7.4422

ds 4.7624 4.7024 4.6424 4.5724 4.4924 4.4024 4.3024 4.1824

f s 5.9223 5.8623 5.7823 5.7023 5.6123 5.5023 5.3723 5.2323

gs 1.1424 1.1324 1.1224 1.1124 1.1024 1.0924 1.0724 1.0524

hs 1.6023 1.5723 1.5323 1.4923 1.4423 1.3923 1.3323 1.2723

pp 2.6122 2.5822 2.5522 2.5222 2.4822 2.4322 2.3822 2.3322

dp 1.5824 1.5624 1.5324 1.4924 1.4624 1.4124 1.3624 1.3124

f p 7.4923 7.4523 7.3923 7.3323 7.2723 7.1923 7.1123 7.0223

gp 4.9024 4.8424 4.7624 4.6824 4.5924 4.4824 4.3624 4.2224

hp 7.1923 7.0823 6.9723 6.8423 6.6923 6.5423 6.3623 6.1823

e ~Ry! 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.09

ss 3.8424 3.7724 3.6924 3.6024 3.4924 3.3624 3.2124 3.0424

ps 7.2522 7.0322 6.7922 6.5322 6.2322 5.9022 5.5522 5.1722

ds 4.0524 3.9124 3.7624 3.5824 3.4024 3.2124 3.0024 2.8024

f s 5.0623 4.8723 4.6523 4.4023 4.1223 3.8123 3.4723 3.1023

gs 1.0224 9.9325 9.5525 9.0925 8.5325 7.8525 7.0325 6.0925

hs 1.2023 1.1423 1.0723 1.0023 9.3624 8.7624 8.2024 7.6624

pp 2.2722 2.2022 2.1222 2.0422 1.9622 1.8822 1.8022 1.7222

dp 1.2524 1.1824 1.1124 1.0324 9.5225 8.6625 7.7725 6.8725

f p 6.9223 6.8123 6.6923 6.5523 6.3823 6.1923 5.9423 5.6523

gp 4.0624 3.8924 3.7024 3.4924 3.2624 3.0124 2.7624 2.4924

hp 5.9823 5.7723 5.5423 5.3123 5.0723 4.8223 4.5623 4.2823

e ~Ry! 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.30

ss 2.8524 2.6524 2.4524 2.2524 2.0824 1.9324 1.8224 1.7324

ps 4.7722 4.3522 3.9122 3.4722 3.0222 2.5722 2.1322 1.7022

ds 2.5924 2.4024 2.2324 2.0924 1.9924 1.9124 1.8424 1.7424

f s 2.7323 2.3723 2.0423 1.7823 1.6123 1.5523 1.5723 1.6623

gs 5.0425 3.9425 2.8825 1.9725 1.3225 9.2026 6.8626 4.8226

hs 7.0924 6.4024 5.5524 4.5924 3.8324 3.7424 4.5524 5.6624

pp 1.6622 1.6122 1.5822 1.5622 1.5522 1.5322 1.4722 1.3822

dp 5.9825 5.1225 4.3125 3.5525 2.8625 2.2325 1.6625 1.1625

f p 5.2723 4.8023 4.2323 3.5523 2.8023 2.0123 1.2823 6.9224

gp 2.2224 1.9624 1.7224 1.5124 1.3324 1.1824 1.0524 9.1525

hp 3.9823 3.6423 3.2523 2.8023 2.3023 1.7523 1.2023 6.9824

e ~Ry! 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.00

ss 1.6324 1.5024 1.3124 1.1024 9.2025 7.8325 6.5025 5.1325

ps 1.3122 9.7623 7.0623 4.9223 3.1723 1.8123 9.4124 4.6824

ds 1.5424 1.2324 8.6025 5.4925 3.6125 2.4025 1.2825 4.7726

f s 1.7123 1.5223 1.0323 5.1924 2.8524 2.1324 1.4524 5.2725

gs 2.7026 1.2626 7.2127 5.2427 4.6327 4.2727 2.9827 1.2627

hs 5.7824 4.5324 3.0424 2.0624 1.8424 1.5924 1.2524 7.3525

pp 1.2522 1.1122 9.8323 8.7823 7.7423 6.5023 5.1823 4.0223

dp 7.4226 4.4226 2.5926 1.6526 1.1226 7.6127 5.6627 4.7927

f p 3.2124 1.6424 1.3624 1.2024 6.8325 2.4925 1.9025 1.6725

gp 7.4825 5.4525 3.3325 1.6225 6.6326 3.0426 1.4726 4.3527

hp 3.1024 8.0025 1.1525 4.5225 8.1925 6.5825 2.4125 6.5026
J. Phys. Chem. Ref. Data, Vol. 33, No. 4, 2004
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Y~h;R!5 (
l 5m

dl Pl
m~h!. ~A8!

The same procedure can be used to calculate the separ
constant and the angular wave function for the continu
states. However, the radial part must be calculated num
cally. Integration starts fromj51 with uL(j51,R)u,1` to
a sufficient larger value ofjmax, whereX(j,R) accurately
matches the asymptotic boundary condition

TABLE 13. Single differential cross sections~in 10216 cm2) at E
52.97 keV/amu

e ~Ry! 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.0

ss 5.7224 5.7124 5.7024 5.6824 5.6624 5.6324 5.6024 5.5724

ps 1.0221 1.0121 1.0021 9.9422 9.8122 9.6622 9.4922 9.2922

ds 7.5324 7.4524 7.3624 7.2524 7.1324 6.9924 6.8424 6.6624

f s 6.9223 6.8523 6.7723 6.6723 6.5623 6.4423 6.3023 6.1423

gs 1.5224 1.5024 1.4924 1.4824 1.4624 1.4424 1.4224 1.4024

hs 1.1923 1.1723 1.1423 1.1223 1.0923 1.0623 1.0223 9.8724

pp 3.2822 3.2622 3.2322 3.1922 3.1522 3.1122 3.0522 2.9922

dp 2.3724 2.3324 2.2924 2.2524 2.1924 2.1324 2.0724 1.9924

f p 9.5923 9.4923 9.3723 9.2523 9.1123 8.9623 8.7923 8.6123

gp 7.2524 7.1624 7.0624 6.9524 6.8324 6.6824 6.5224 6.3324

hp 9.9823 9.8323 9.6723 9.4923 9.2923 9.0723 8.8323 8.5823

e ~Ry! 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.0

ss 5.5324 5.4724 5.4124 5.3324 5.2324 5.1124 4.9624 4.7724

ps 9.0722 8.8222 8.5422 8.2222 7.8722 7.4822 7.0522 6.5822

ds 6.4724 6.2524 6.0024 5.7224 5.4224 5.0924 4.7324 4.3524

f s 5.9723 5.7723 5.5423 5.2923 5.0123 4.6923 4.3323 3.9323

gs 1.3724 1.3424 1.3024 1.2624 1.2124 1.1624 1.0924 1.0024

hs 9.4924 9.1124 8.7524 8.4424 8.2024 8.0824 8.1024 8.2624

pp 2.9222 2.8322 2.7422 2.6322 2.5222 2.3922 2.2622 2.1222

dp 1.9024 1.8124 1.7124 1.6024 1.4824 1.3524 1.2224 1.0924

f p 8.4223 8.2123 8.0023 7.7623 7.5223 7.2623 6.9823 6.6623

gp 6.1224 5.8824 5.6124 5.3224 4.9924 4.6424 4.2724 3.8724

hp 8.3123 8.0323 7.7323 7.4423 7.1323 6.8323 6.5223 6.2023

e ~Ry! 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.3

ss 4.5524 4.3024 4.0124 3.6924 3.3524 3.0224 2.7224 2.4624

ps 6.0922 5.5722 5.0322 4.4722 3.9222 3.3722 2.8322 2.3022

ds 3.9424 3.5324 3.1324 2.7524 2.4224 2.1624 1.9824 1.8524

f s 3.4923 3.0323 2.5623 2.1123 1.7323 1.4523 1.2823 1.2223

gs 8.9925 7.7525 6.3325 4.8225 3.3725 2.1825 1.3725 8.9726

hs 8.5424 8.7724 8.7324 8.1224 6.7724 4.9624 3.5824 3.5724

pp 1.9922 1.8722 1.7622 1.6722 1.6122 1.5722 1.5322 1.4622

dp 9.5325 8.2225 6.9725 5.8125 4.7425 3.7825 2.9125 2.1425

f p 6.3023 5.8723 5.3423 4.7123 3.9623 3.1223 2.2423 1.4223

gp 3.4624 3.0524 2.6524 2.2824 1.9624 1.6924 1.4724 1.2824

hp 5.8623 5.4823 5.0323 4.4823 3.8323 3.0823 2.2723 1.4623

e ~Ry! 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.0

ss 2.2424 2.0524 1.8424 1.5824 1.3124 1.0724 8.8825 7.1625

ps 1.8022 1.3422 9.6523 6.7123 4.5023 2.7723 1.4823 7.2724

ds 1.7424 1.5724 1.2724 8.8825 5.4525 3.3825 2.1225 1.0525

f s 1.2623 1.3323 1.2523 8.8624 4.5024 2.4524 1.8624 1.0924

gs 5.8626 3.2126 1.3426 5.7127 5.1227 5.4227 4.3827 2.2227

hs 4.6324 5.0324 4.2924 3.6024 2.3824 1.7624 1.3424 9.9625

pp 1.3722 1.2322 1.0922 9.5323 8.3923 7.2123 5.8823 4.5823

dp 1.4625 9.0626 5.2326 3.0526 1.9626 1.3126 8.6827 6.5527

f p 7.6624 3.5824 1.8124 1.3324 9.7425 4.5925 1.8625 1.7225

gp 1.0924 8.5125 5.8125 3.2425 1.4225 5.7226 2.7026 1.0626

hp 7.7624 2.9424 5.5225 2.2525 8.0325 1.0224 5.9025 1.4725
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anddlm is the phase shift for the radial function. Let us no
thatA represents the eigenvalue of the constant of separa
which comes from the additional symmetry in the two-cen
Coulomb system. The system with this degree of symme
is described by the invariant operatorÂ

TABLE 14. Single differential cross sections~in 10216 cm2) at E
53.29 keV/amu

e ~Ry! 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.02

ss 8.4124 8.3824 8.3524 8.3124 8.2724 8.2224 8.1624 8.1024

ps 1.2221 1.2121 1.2021 1.1921 1.1721 1.1621 1.1421 1.1221

ds 1.2123 1.2023 1.1823 1.1723 1.1523 1.1323 1.1123 1.0823

f s 7.0723 6.9923 6.8923 6.7923 6.6723 6.5323 6.3823 6.2223

gs 2.1924 2.1624 2.1324 2.1024 2.0724 2.0324 1.9824 1.9424

hs 1.4423 1.4123 1.3823 1.3523 1.3123 1.2623 1.2123 1.1623

pp 3.8022 3.7822 3.7622 3.7322 3.7022 3.6622 3.6222 3.5622

dp 3.3324 3.2824 3.2324 3.1624 3.1024 3.0224 2.9324 2.8324

f p 1.2922 1.2722 1.2522 1.2322 1.2022 1.1722 1.1422 1.1122

gp 9.9624 9.8624 9.7424 9.6024 9.4424 9.2624 9.0524 8.8224

hp 1.2322 1.2122 1.1922 1.1722 1.1422 1.1222 1.0922 1.0622

e ~Ry! 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.09

ss 8.0324 7.9524 7.8524 7.7524 7.6324 7.4924 7.3224 7.1324

ps 1.0921 1.0621 1.0321 9.9522 9.5522 9.1022 8.6022 8.0622

ds 1.0523 1.0223 9.7924 9.3724 8.9124 8.4124 7.8624 7.2624

f s 6.0323 5.8223 5.6023 5.3523 5.0823 4.7823 4.4523 4.0923

gs 1.8824 1.8224 1.7624 1.7024 1.6224 1.5524 1.4724 1.3724

hs 1.1023 1.0423 9.7624 9.1724 8.6424 8.2424 8.0424 8.1224

pp 3.5022 3.4222 3.3322 3.2222 3.0922 2.9522 2.7922 2.6222

dp 2.7224 2.5924 2.4624 2.3124 2.1524 1.9724 1.7924 1.6124

f p 1.0822 1.0422 9.9923 9.5923 9.1623 8.7323 8.2923 7.8423

gp 8.5524 8.2524 7.9124 7.5324 7.1124 6.6524 6.1524 5.6124

hp 1.0222 9.9023 9.5623 9.2123 8.8823 8.5623 8.2523 7.9423

e ~Ry! 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.30

ss 6.9024 6.6224 6.2824 5.8924 5.4424 4.9424 4.4224 3.9024

ps 7.4722 6.8522 6.2022 5.5322 4.8622 4.2022 3.5522 2.9322

ds 6.6124 5.9224 5.2124 4.4824 3.7824 3.1524 2.6224 2.2324

f s 3.6823 3.2423 2.7823 2.3023 1.8523 1.4823 1.2123 1.0523

gs 1.2724 1.1524 1.0124 8.4225 6.5425 4.6425 2.9725 1.7525

hs 8.5224 9.2324 1.0123 1.0823 1.0623 9.2824 6.7524 4.2124

pp 2.4322 2.2422 2.0622 1.9022 1.7722 1.6622 1.5922 1.5222

dp 1.4224 1.2324 1.0524 8.8125 7.2625 5.8725 4.6225 3.5025

f p 7.3823 6.8823 6.3423 5.7123 4.9923 4.1523 3.2223 2.2723

gp 5.0524 4.4724 3.8924 3.3424 2.8324 2.3924 2.0324 1.7324

hp 7.6223 7.2723 6.8323 6.2823 5.5723 4.6923 3.6523 2.5523

e ~Ry! 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.00

ss 3.4124 2.9924 2.6224 2.2724 1.9024 1.5424 1.2324 9.8925

ps 2.3422 1.7822 1.2922 8.9323 5.9623 3.8123 2.1923 1.1023

ds 1.9624 1.7724 1.5624 1.2424 8.3825 4.9425 2.9525 1.7325

f s 9.8124 9.8324 1.0323 9.6824 6.7324 3.4624 2.0724 1.5224

gs 1.0325 6.0026 3.0026 1.1126 4.6027 6.2027 5.8027 3.8027

hs 3.2524 3.8424 4.0624 3.8224 3.8324 2.1524 1.6924 8.9025

pp 1.4422 1.3322 1.1822 1.0322 9.0123 7.7923 6.5023 5.1323

dp 2.5025 1.6525 9.9026 5.6626 3.4326 2.2726 1.4926 1.0126

f p 1.4023 7.4024 3.4324 1.7524 1.1824 7.0025 2.7825 1.6025

gp 1.4724 1.2024 8.8725 5.5225 2.7225 1.0925 4.5726 2.0326

hp 1.5123 6.9124 1.9824 2.5425 5.6325 1.1824 9.9825 3.6725



A

la

s

or-

28

93

05

00

8

3

5

0

10471047CROSS SECTIONS IN PROTON–HYDROGEN ATOM COLLISIONS
Â5L22
R2

4 S D2
]2

]z2D 2R~cosuA2cosuB!2c2,

whereL is the orbital angular momentum of the electron.
the united-atom limitR50, Â reduces to2L2, and the cor-
responding eigenvalue is thereforeA52l(l11).

Summarizing, the one electron diatomic orbitals are
beled by two more quantum numbersl, m, in addition to
energy. Bound states are denotedf(nlm;r ,R), with energy
eigenvalues e(nlm;R),0, and continuum state

TABLE 15. Single differential cross sections~in 10216 cm2) at E
53.61 keV/amu

e ~Ry! 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.0

ss 1.3423 1.3423 1.3323 1.3223 1.3023 1.2923 1.2823 1.2623

ps 1.4221 1.4121 1.3921 1.3821 1.3621 1.3521 1.3321 1.3021

ds 1.9123 1.8923 1.8723 1.8523 1.8223 1.7923 1.7523 1.7123

f s 6.9923 6.9123 6.8123 6.7023 6.5823 6.4423 6.2823 6.1123

gs 3.1924 3.1524 3.1024 3.0524 3.0024 2.9324 2.8624 2.7824

hs 2.9223 2.8723 2.8123 2.7423 2.6623 2.5723 2.4723 2.3623

pp 4.1422 4.1322 4.1222 4.1022 4.0822 4.0622 4.0322 3.9922

dp 4.4124 4.3524 4.2924 4.2124 4.1324 4.0324 3.9224 3.7924

f p 1.7422 1.7222 1.6822 1.6522 1.6122 1.5722 1.5222 1.4722

gp 1.2923 1.2823 1.2723 1.2523 1.2323 1.2123 1.1923 1.1623

hp 1.4022 1.3822 1.3522 1.3222 1.3022 1.2622 1.2322 1.2022

e ~Ry! 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.0

ss 1.2423 1.2223 1.2023 1.1723 1.1523 1.1223 1.0923 1.0623

ps 1.2821 1.2421 1.2121 1.1721 1.1321 1.0821 1.0221 9.5822

ds 1.6623 1.6123 1.5623 1.4923 1.4223 1.3523 1.2723 1.1823

f s 5.9323 5.7223 5.5023 5.2623 5.0023 4.7323 4.4323 4.1023

gs 2.6924 2.5924 2.4824 2.3624 2.2424 2.1124 1.9724 1.8324

hs 2.2423 2.1023 1.9523 1.7923 1.6223 1.4623 1.3123 1.1923

pp 3.9522 3.8922 3.8122 3.7222 3.6122 3.4722 3.3122 3.1322

dp 3.6524 3.5024 3.3324 3.1424 2.9324 2.7124 2.4724 2.2324

f p 1.4122 1.3522 1.2922 1.2222 1.1522 1.0822 1.0122 9.4323

gp 1.1323 1.0923 1.0523 1.0023 9.5224 8.9524 8.3324 7.6624

hp 1.1622 1.1222 1.0922 1.0522 1.0222 9.8723 9.5923 9.3423

e ~Ry! 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.3

ss 1.0223 9.8024 9.3624 8.8624 8.2924 7.6524 6.9324 6.1524

ps 8.9122 8.2022 7.4422 6.6522 5.8622 5.0722 4.3022 3.5822

ds 1.0823 9.8124 8.7324 7.6024 6.4524 5.3124 4.2624 3.3724

f s 3.7523 3.3523 2.9023 2.4223 1.9323 1.4823 1.1423 9.3724

gs 1.6924 1.5424 1.3824 1.2124 1.0124 7.8225 5.5025 3.4325

hs 1.1023 1.0723 1.1123 1.1923 1.2823 1.2923 1.1423 8.3424

pp 2.9222 2.6922 2.4522 2.2222 2.0122 1.8322 1.7022 1.5922

dp 1.9824 1.7324 1.4824 1.2524 1.0424 8.4725 6.7625 5.2325

f p 8.7423 8.0623 7.3823 6.6723 5.9223 5.0723 4.1423 3.1323

gp 6.9424 6.1924 5.4224 4.6624 3.9424 3.2924 2.7424 2.2924

hp 9.1023 8.8323 8.4923 8.0123 7.3323 6.4123 5.2423 3.8923

e ~Ry! 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.0

ss 5.3524 4.5724 3.8724 3.2724 2.7324 2.2324 1.7624 1.3724

ps 2.8922 2.2522 1.6722 1.1722 7.7423 4.9523 2.9823 1.5923

ds 2.6824 2.2024 1.8624 1.5524 1.1724 7.3825 4.1625 2.4025

f s 8.4324 8.0024 7.9024 8.0624 7.2624 4.7724 2.5824 1.7324

gs 1.9225 1.0225 5.2526 2.3426 8.2327 5.6427 7.9227 5.1727

hs 5.0424 3.3924 3.3224 3.1624 3.6324 3.5424 1.6324 1.3824

pp 1.5022 1.4022 1.2722 1.1222 9.6623 8.3223 7.0223 5.6523

dp 3.8725 2.6725 1.6925 9.8626 5.8126 3.7526 2.5126 1.6526

f p 2.1423 1.2723 6.3824 2.9124 1.5124 9.1525 4.3425 1.7925

gp 1.9324 1.5924 1.2324 8.3625 4.6025 1.9825 7.6526 3.3526

hp 2.5123 1.3123 4.7524 8.3125 3.0725 1.0924 1.3324 6.9925
t

-

f~elm;r ,R! with continuous eigenvaluese.0. At each value
of R, these wave functions must satisfy the conventional
thogonality relations

^f~n8l8m8;R!uf~nlm;R!&5dnn8dll8dmm8 ,

^f~e8l8m8;R!uf~nlm;R!&50, ~A10!

TABLE 16. Single differential cross sections~in 10216 cm2) at E
53.93 keV/amu

e ~Ry! 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.02

ss 2.1623 2.1523 2.1323 2.1123 2.0923 2.0623 2.0323 2.0023

ps 1.6121 1.6021 1.5921 1.5721 1.5521 1.5421 1.5121 1.4921

ds 2.8523 2.8323 2.7923 2.7623 2.7223 2.6723 2.6123 2.5523

f s 6.8923 6.8123 6.7223 6.6123 6.5023 6.3723 6.2323 6.0623

gs 4.3824 4.3324 4.2824 4.2124 4.1424 4.0624 3.9724 3.8624

hs 5.2423 5.1723 5.0923 4.9923 4.8723 4.7423 4.5923 4.4223

pp 4.3322 4.3322 4.3322 4.3322 4.3322 4.3222 4.3122 4.2922

dp 5.5824 5.5124 5.4324 5.3424 5.2424 5.1224 4.9924 4.8424

f p 2.3322 2.2922 2.2522 2.2022 2.1422 2.0822 2.0222 1.9422

gp 1.6023 1.5923 1.5723 1.5523 1.5323 1.5123 1.4823 1.4523

hp 1.5222 1.5022 1.4722 1.4422 1.4122 1.3822 1.3422 1.3022

e ~Ry! 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.09

ss 1.9623 1.9223 1.8723 1.8223 1.7723 1.7123 1.6523 1.5823

ps 1.4621 1.4321 1.3921 1.3521 1.3021 1.2421 1.1821 1.1121

ds 2.4923 2.4123 2.3323 2.2423 2.1423 2.0323 1.9123 1.7823

f s 5.8923 5.7023 5.4923 5.2723 5.0423 4.7923 4.5423 4.2623

gs 3.7424 3.6024 3.4524 3.2824 3.1024 2.9024 2.6924 2.4724

hs 4.2223 3.9923 3.7323 3.4523 3.1423 2.8023 2.4623 2.1223

pp 4.2722 4.2322 4.1822 4.1222 4.0322 3.9222 3.7722 3.6022

dp 4.6724 4.4824 4.2824 4.0524 3.7924 3.5224 3.2324 2.9324

f p 1.8622 1.7722 1.6822 1.5822 1.4822 1.3722 1.2622 1.1622

gp 1.4123 1.3723 1.3223 1.2723 1.2123 1.1523 1.0723 9.9324

hp 1.2622 1.2222 1.1922 1.1522 1.1222 1.0922 1.0722 1.0522

e ~Ry! 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.30

ss 1.5123 1.4423 1.3723 1.2923 1.2123 1.1223 1.0223 9.1324

ps 1.0421 9.6022 8.7422 7.8422 6.9222 6.0022 5.1022 4.2522

ds 1.6523 1.5123 1.3623 1.2023 1.0323 8.6724 7.0324 5.5024

f s 3.9623 3.6323 3.2323 2.7723 2.2523 1.7023 1.2123 8.7524

gs 2.2524 2.0324 1.8124 1.6024 1.3724 1.1224 8.5125 5.8025

hs 1.8123 1.5623 1.3923 1.3323 1.3623 1.4323 1.4323 1.2523

pp 3.3922 3.1522 2.8822 2.6022 2.3222 2.0722 1.8622 1.6922

dp 2.6124 2.3024 1.9824 1.6824 1.4124 1.1524 9.2725 7.2825

f p 1.0522 9.5623 8.6223 7.7323 6.8423 5.9323 4.9723 3.9423

gp 9.0724 8.1524 7.2024 6.2324 5.2824 4.4024 3.6224 2.9724

hp 1.0422 1.0222 1.0022 9.6723 9.0723 8.1823 6.9423 5.4123

e ~Ry! 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.00

ss 8.0124 6.8524 5.7324 4.7324 3.8824 3.1524 2.4924 1.9124

ps 3.4522 2.7222 2.0622 1.4722 9.8923 6.3023 3.8423 2.1523

ds 4.1924 3.1724 2.4524 1.9424 1.5024 1.0424 6.0425 3.2725

f s 7.1924 6.8124 6.6224 6.4424 6.3224 5.2724 3.3024 1.9724

gs 3.4525 1.8025 8.6826 4.0126 1.7026 7.8227 8.9527 7.8927

hs 9.0524 5.4624 3.5124 2.8024 2.6724 3.7224 2.5724 1.3824

pp 1.5722 1.4622 1.3422 1.1922 1.0322 8.8323 7.4823 6.1123

dp 5.5125 3.9425 2.6025 1.5825 9.2926 5.8726 3.9826 2.6426

f p 2.8823 1.8723 1.0423 4.9724 2.2524 1.1724 6.0925 2.4725

gp 2.4524 2.0224 1.6124 1.1624 6.9925 3.3025 1.2725 5.1626

hp 3.7323 2.1523 9.2224 2.2724 2.3125 8.3625 1.5024 1.0724
J. Phys. Chem. Ref. Data, Vol. 33, No. 4, 2004
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10481048 PICHL ET AL.
^f~e8l8m8;R!uf~elm;R!&5d~e82e!dll8dmm8 .

The prolate spheroidal quantum numbersl, m are analogous
to spherical polar quantum numberl, m. Numerical calcula-
tions show that the orthogonality relations are satisfied be
than eight significant digits forR<40 for the wave functions
used in our calculation.

TABLE 17. Single differential cross sections~in 10216 cm2) at E
54.25 keV/amu

e ~Ry! 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.0

ss 3.3123 3.2823 3.2523 3.2223 3.1923 3.1423 3.1023 3.0423

ps 1.8021 1.7921 1.7821 1.7621 1.7421 1.7221 1.7021 1.6721

ds 3.9823 3.9523 3.9023 3.8523 3.7923 3.7323 3.6623 3.5723

f s 6.7023 6.6423 6.5623 6.4823 6.3823 6.2723 6.1523 6.0223

gs 5.5324 5.4824 5.4324 5.3724 5.2924 5.2124 5.1124 5.0024

hs 7.6023 7.5323 7.4423 7.3323 7.2123 7.0723 6.8923 6.6923

pp 4.4622 4.4722 4.4822 4.4822 4.4922 4.5022 4.5022 4.5022

dp 6.7824 6.7024 6.6124 6.5024 6.3824 6.2524 6.0924 5.9224

f p 3.0422 2.9922 2.9322 2.8722 2.7922 2.7122 2.6222 2.5222

gp 1.9123 1.9023 1.8823 1.8623 1.8323 1.8123 1.7823 1.7423

hp 1.6522 1.6322 1.6022 1.5622 1.5322 1.4922 1.4522 1.4122

e ~Ry! 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.0

ss 2.9823 2.9223 2.8423 2.7623 2.6723 2.5723 2.4623 2.3523

ps 1.6421 1.6121 1.5721 1.5221 1.4721 1.4121 1.3421 1.2721

ds 3.4823 3.3823 3.2623 3.1423 3.0023 2.8523 2.6823 2.5123

f s 5.8723 5.7123 5.5323 5.3423 5.1423 4.9423 4.7223 4.5023

gs 4.8724 4.7124 4.5424 4.3424 4.1224 3.8724 3.5924 3.3024

hs 6.4623 6.1823 5.8623 5.4823 5.0623 4.5823 4.0523 3.5023

pp 4.5022 4.4922 4.4622 4.4222 4.3622 4.2822 4.1622 4.0122

dp 5.7224 5.5124 5.2624 4.9924 4.7024 4.3824 4.0324 3.6724

f p 2.4222 2.3022 2.1722 2.0322 1.8922 1.7422 1.5922 1.4422

gp 1.7023 1.6623 1.6023 1.5523 1.4823 1.4123 1.3223 1.2323

hp 1.3722 1.3322 1.2922 1.2622 1.2322 1.2022 1.1922 1.1822

e ~Ry! 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.3

ss 2.2323 2.1023 1.9723 1.8423 1.7123 1.5723 1.4323 1.2923

ps 1.1921 1.1021 1.0121 9.0822 8.0422 6.9922 5.9522 4.9622

ds 2.3323 2.1423 1.9423 1.7323 1.5123 1.2923 1.0723 8.5424

f s 4.2623 4.0023 3.6923 3.3123 2.8223 2.2423 1.6123 1.0623

gs 2.9924 2.6824 2.3724 2.0624 1.7724 1.4724 1.1724 8.5425

hs 2.9323 2.4123 1.9623 1.6423 1.4723 1.4523 1.4823 1.4523

pp 3.8222 3.5822 3.3022 3.0022 2.6722 2.3622 2.0822 1.8422

dp 3.2924 2.9124 2.5324 2.1524 1.8124 1.4924 1.2124 9.5725

f p 1.2922 1.1522 1.0222 9.0023 7.8823 6.8123 5.7623 4.6923

gp 1.1423 1.0323 9.1624 7.9924 6.8224 5.6924 4.6624 3.7824

hp 1.1722 1.1722 1.1622 1.1422 1.0922 1.0022 8.7423 7.0723

e ~Ry! 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.0

ss 1.1323 9.7824 8.2124 6.7324 5.4324 4.3524 3.4224 2.6224

ps 4.0422 3.2022 2.4522 1.7922 1.2322 7.9223 4.8223 2.7723

ds 6.5424 4.8324 3.5124 2.5824 1.9224 1.3724 8.5525 4.6025

f s 7.1224 5.8624 5.7624 5.5624 5.2424 4.8724 3.7224 2.3224

gs 5.5125 3.0525 1.4625 6.4426 2.9126 1.4526 1.0826 1.1026

hs 1.2323 8.6424 5.2324 3.2224 2.2424 2.8024 3.3724 1.5324

pp 1.6622 1.5222 1.4022 1.2522 1.0922 9.3523 7.9123 6.5323

dp 7.3725 5.4125 3.7125 2.3425 1.4025 8.7026 5.9026 4.0026

f p 3.5823 2.4923 1.5223 7.8724 3.5324 1.5924 7.9725 3.5125

gp 3.0724 2.5024 2.0124 1.5124 9.7825 5.0725 2.0525 7.7826

hp 5.1423 3.1923 1.5523 4.8724 5.6325 5.0925 1.4924 1.4224
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8. Appendix B: Separation of Angular
Couplings

Let us show the separation of angular couplings in m
lecular orbital~MO! expansion, by transforming the coord
nate system from a space-fixed coordinate system t
molecular-rotating coordinate system.2,21 Let r5(x,y,z) be
the coordinate of electron in the space-fixed frame, wh

TABLE 18. Single differential cross sections~in 10216 cm2) at E
54.57 keV/amu

e ~Ry! 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.02

ss 4.7223 4.6923 4.6523 4.6123 4.5623 4.5023 4.4323 4.3623

ps 1.9921 1.9821 1.9721 1.9521 1.9321 1.9121 1.8821 1.8621

ds 5.2423 5.1923 5.1323 5.0723 5.0023 4.9223 4.8223 4.7223

f s 6.4223 6.3823 6.3223 6.2623 6.1923 6.1123 6.0223 5.9223

gs 6.4224 6.3824 6.3424 6.2924 6.2324 6.1624 6.0724 5.9724

hs 9.2823 9.2223 9.1523 9.0723 8.9723 8.8523 8.7023 8.5223

pp 4.6022 4.6122 4.6222 4.6422 4.6522 4.6622 4.6822 4.6922

dp 7.9524 7.8624 7.7624 7.6424 7.5124 7.3624 7.1824 6.9924

f p 3.8522 3.7822 3.7122 3.6422 3.5522 3.4522 3.3322 3.2122

gp 2.2123 2.2023 2.1823 2.1523 2.1323 2.1023 2.0723 2.0323

hp 1.8222 1.7922 1.7622 1.7222 1.6822 1.6422 1.6022 1.5522

e ~Ry! 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.09

ss 4.2823 4.1823 4.0823 3.9623 3.8323 3.6823 3.5223 3.3523

ps 1.8221 1.7921 1.7421 1.6921 1.6421 1.5821 1.5121 1.4321

ds 4.6023 4.4723 4.3223 4.1523 3.9723 3.7823 3.5623 3.3423

f s 5.8123 5.6923 5.5523 5.4123 5.2523 5.0923 4.9223 4.7423

gs 5.8624 5.7224 5.5524 5.3624 5.1324 4.8724 4.5724 4.2324

hs 8.3023 8.0423 7.7223 7.3423 6.8823 6.3423 5.7223 5.0323

pp 4.6922 4.7022 4.6922 4.6722 4.6422 4.5822 4.4922 4.3722

dp 6.7724 6.5224 6.2424 5.9324 5.6024 5.2324 4.8424 4.4224

f p 3.0722 2.9222 2.7522 2.5822 2.3922 2.1922 1.9922 1.7922

gp 1.9923 1.9423 1.8823 1.8223 1.7523 1.6723 1.5823 1.4823

hp 1.5122 1.4722 1.4322 1.3922 1.3622 1.3422 1.3222 1.3222

e ~Ry! 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.30

ss 3.1723 2.9823 2.7823 2.5723 2.3723 2.1623 1.9523 1.7523

ps 1.3421 1.2521 1.1421 1.0421 9.2122 8.0322 6.8622 5.7222

ds 3.0923 2.8423 2.5823 2.3223 2.0523 1.7723 1.4923 1.2223

f s 4.5523 4.3523 4.1223 3.8223 3.4323 2.9023 2.2523 1.5423

gs 3.8624 3.4624 3.0624 2.6524 2.2524 1.8824 1.5124 1.1524

hs 4.2823 3.5123 2.7823 2.1623 1.7223 1.4923 1.4323 1.4323

pp 4.2022 3.9822 3.7122 3.3922 3.0422 2.6822 2.3322 2.0322

dp 3.9824 3.5324 3.0824 2.6424 2.2324 1.8424 1.5024 1.2024

f p 1.5922 1.4022 1.2222 1.0622 9.1223 7.8023 6.5823 5.4123

gp 1.3723 1.2523 1.1223 9.8924 8.5224 7.1524 5.8724 4.7324

hp 1.3322 1.3322 1.3322 1.3222 1.2822 1.2022 1.0722 8.8823

e ~Ry! 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.00

ss 1.5423 1.3323 1.1223 9.2424 7.4224 5.8624 4.5824 3.5024

ps 4.6622 3.7022 2.8622 2.1222 1.4922 9.7423 5.9623 3.4523

ds 9.5324 7.1224 5.1024 3.5824 2.5224 1.7624 1.1524 6.4425

f s 9.5024 6.0624 5.1124 5.0224 4.6124 4.2024 3.6524 2.5924

gs 7.8825 4.6925 2.3525 1.0325 4.4926 2.4026 1.5726 1.4026

hs 1.3523 1.0923 7.3624 4.4024 2.5224 2.0624 3.1124 2.2324

pp 1.7922 1.6022 1.4522 1.3122 1.1522 9.8723 8.3223 6.9023

dp 9.3625 7.0125 4.9525 3.2325 1.9825 1.2325 8.2826 5.7326

f p 4.2523 3.1023 2.0323 1.1423 5.4124 2.3024 1.0424 4.7625

gp 3.7924 3.0424 2.4324 1.8724 1.2824 7.2225 3.1525 1.1725

hp 6.7123 4.4223 2.3623 8.8624 1.5624 2.5025 1.3024 1.6824
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r 85(x8,y8,z8) denotes the same vector in the rotating m
lecular frame. The relation between these two is then gi
by

x85x cosU cosF1y cosU sinF2z sinU, ~B1!

y852x sinF1y cosF, ~B2!

z85x sinU cosF1y sinU sinF1z cosU. ~B3!

TABLE 19. Single differential cross sections~in 10216 cm2) at E
54.89 keV/amu

e ~Ry! 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.0

ss 6.3523 6.3123 6.2623 6.2123 6.1423 6.0723 5.9923 5.8923

ps 2.1821 2.1721 2.1521 2.1321 2.1121 2.0921 2.0721 2.0421

ds 6.5623 6.5023 6.4423 6.3623 6.2823 6.1823 6.0723 5.9423

f s 6.1723 6.1423 6.1023 6.0523 6.0023 5.9523 5.8923 5.8223

gs 6.9224 6.9024 6.8724 6.8424 6.8024 6.7624 6.7024 6.6324

hs 9.9523 9.9223 9.8923 9.8423 9.7923 9.7123 9.6223 9.5023

pp 4.8322 4.8422 4.8522 4.8622 4.8722 4.8822 4.8922 4.9122

dp 9.0624 8.9724 8.8524 8.7224 8.5824 8.4124 8.2224 8.0024

f p 4.7422 4.6722 4.5922 4.4922 4.3922 4.2722 4.1322 3.9822

gp 2.5023 2.4823 2.4623 2.4423 2.4123 2.3823 2.3523 2.3123

hp 2.0422 2.0022 1.9722 1.9322 1.8822 1.8422 1.7922 1.7422

e ~Ry! 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.0

ss 5.7923 5.6623 5.5323 5.3723 5.2023 5.0123 4.8023 4.5723

ps 2.0021 1.9621 1.9221 1.8621 1.8121 1.7421 1.6721 1.5821

ds 5.8023 5.6423 5.4523 5.2523 5.0323 4.7923 4.5223 4.2323

f s 5.7423 5.6623 5.5623 5.4623 5.3523 5.2323 5.1123 4.9723

gs 6.5524 6.4524 6.3224 6.1624 5.9724 5.7424 5.4624 5.1324

hs 9.3523 9.1523 8.9023 8.5823 8.1823 7.6823 7.0823 6.3723

pp 4.9222 4.9222 4.9222 4.9222 4.8922 4.8522 4.7922 4.6822

dp 7.7524 7.4824 7.1724 6.8424 6.4624 6.0524 5.6124 5.1524

f p 3.8122 3.6322 3.4322 3.2122 2.9822 2.7322 2.4822 2.2222

gp 2.2623 2.2123 2.1523 2.0823 2.0123 1.9223 1.8323 1.7223

hp 1.6922 1.6422 1.6022 1.5622 1.5322 1.5122 1.5022 1.5022

e ~Ry! 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.3

ss 4.3223 4.0623 3.7823 3.4923 3.2023 2.9023 2.6023 2.3123

ps 1.4921 1.3921 1.2821 1.1621 1.0421 9.1022 7.8122 6.5422

ds 3.9323 3.6123 3.2923 2.9523 2.6223 2.2823 1.9523 1.6223

f s 4.8323 4.6623 4.4823 4.2423 3.9323 3.4923 2.8923 2.1623

gs 4.7424 4.3124 3.8324 3.3424 2.8424 2.3524 1.9024 1.4724

hs 5.5523 4.6523 3.7323 2.8623 2.1323 1.6423 1.4023 1.3423

pp 4.5422 4.3422 4.0922 3.7722 3.4122 3.0222 2.6222 2.2522

dp 4.6524 4.1524 3.6324 3.1324 2.6524 2.2024 1.8024 1.4524

f p 1.9622 1.7122 1.4822 1.2622 1.0722 8.9723 7.4823 6.1523

gp 1.6123 1.4823 1.3423 1.1923 1.0323 8.7324 7.2024 5.8024

hp 1.5122 1.5222 1.5322 1.5322 1.4922 1.4122 1.2822 1.0822

e ~Ry! 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.0

ss 2.0323 1.7523 1.4823 1.2223 9.8224 7.7324 5.9824 4.5624

ps 5.3422 4.2422 3.2822 2.4522 1.7522 1.1722 7.2723 4.2223

ds 1.2923 9.8624 7.1524 4.9524 3.3524 2.2624 1.4824 8.7325

f s 1.4123 8.1524 5.2324 4.5924 4.3024 3.7124 3.2824 2.6524

gs 1.0524 6.6325 3.5425 1.5925 6.6926 3.4926 2.3426 1.8126

hs 1.3023 1.1523 8.7224 5.6524 3.2124 1.9224 2.3924 2.6624

pp 1.9422 1.7022 1.5222 1.3622 1.2122 1.0422 8.7423 7.2523

dp 1.1424 8.6825 6.2825 4.2325 2.6625 1.6525 1.1125 7.8126

f p 4.9023 3.7023 2.5523 1.5423 7.8324 3.3724 1.3924 6.1825

gp 4.6124 3.6524 2.8924 2.2424 1.6024 9.6525 4.5625 1.7225

hp 8.4423 5.8123 3.3423 1.4323 3.4324 2.2325 1.0124 1.8124
-
n
Here~U,F! are the usual spherical polar angles of the vec
R in the space-fixed frame. In the spherical polar coor
nates, the gradient2 i¹R ~while keeping r fixed! can be
written as

2 i“R5eR~2 i ]/]R!xyz1eUR21~2 i ]/]U!xyz

1eF~R sinU!21~2 i ]/]U!xyz, ~B4!

whereeR , eU , andeF are the unit vectors of the spheric

TABLE 20. Single differential cross sections~in 10216 cm2) at E
55.21 keV/amu

e ~Ry! 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.02

ss 8.1923 8.1423 8.0823 8.0123 7.9323 7.8423 7.7323 7.6123

ps 2.3621 2.3521 2.3321 2.3221 2.3021 2.2721 2.2421 2.2121

ds 7.9123 7.8423 7.7723 7.6823 7.5923 7.4723 7.3523 7.2023

f s 6.1423 6.1123 6.0723 6.0323 5.9923 5.9423 5.8923 5.8323

gs 7.0424 7.0324 7.0324 7.0124 7.0024 6.9824 6.9624 6.9224

hs 9.7323 9.7323 9.7323 9.7323 9.7223 9.6923 9.6623 9.6123

pp 5.2122 5.2122 5.2122 5.2122 5.2122 5.2222 5.2222 5.2222

dp 1.0123 9.9824 9.8624 9.7124 9.5524 9.3724 9.1724 8.9324

f p 5.7122 5.6322 5.5322 5.4322 5.3022 5.1622 5.0122 4.8322

gp 2.7723 2.7523 2.7323 2.7123 2.6823 2.6523 2.6123 2.5723

hp 2.3122 2.2722 2.2322 2.1822 2.1422 2.0822 2.0322 1.9722

e ~Ry! 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.09

ss 7.4823 7.3323 7.1523 6.9623 6.7523 6.5123 6.2523 5.9623

ps 2.1821 2.1321 2.0921 2.0321 1.9721 1.9021 1.8221 1.7321

ds 7.0423 6.8523 6.6423 6.4123 6.1523 5.8623 5.5423 5.2023

f s 5.7723 5.7023 5.6423 5.5623 5.4923 5.4123 5.3223 5.2323

gs 6.8824 6.8224 6.7524 6.6524 6.5224 6.3524 6.1324 5.8524

hs 9.5323 9.4223 9.2623 9.0523 8.7523 8.3723 7.8723 7.2423

pp 5.2222 5.2222 5.2122 5.2022 5.1822 5.1422 5.0822 4.9922

dp 8.6724 8.3724 8.0424 7.6724 7.2624 6.8224 6.3424 5.8324

f p 4.6422 4.4222 4.1822 3.9222 3.6422 3.3522 3.0422 2.7222

gp 2.5223 2.4623 2.4023 2.3323 2.2523 2.1623 2.0623 1.9523

hp 1.9222 1.8622 1.8122 1.7722 1.7322 1.7122 1.7022 1.7022

e ~Ry! 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.30

ss 5.6523 5.3123 4.9623 4.5823 4.1923 3.7923 3.3923 2.9923

ps 1.6421 1.5321 1.4121 1.2921 1.1621 1.0221 8.7722 7.3822

ds 4.8323 4.4423 4.0423 3.6323 3.2223 2.8123 2.4123 2.0323

f s 5.1123 4.9823 4.8123 4.6023 4.3223 3.9423 3.4123 2.7323

gs 5.5124 5.0924 4.6124 4.0724 3.4924 2.9124 2.3524 1.8224

hs 6.4723 5.5723 4.5923 3.5923 2.6723 1.9423 1.4723 1.2723

pp 4.8622 4.6822 4.4422 4.1422 3.7722 3.3622 2.9222 2.5022

dp 5.2924 4.7324 4.1624 3.6024 3.0624 2.5524 2.1024 1.6924

f p 2.4022 2.0822 1.7822 1.5122 1.2622 1.0422 8.5523 6.9623

gp 1.8323 1.6923 1.5523 1.3823 1.2123 1.0423 8.6324 6.9824

hp 1.7222 1.7422 1.7622 1.7622 1.7322 1.6522 1.5122 1.3022

e ~Ry! 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.00

ss 2.6123 2.2423 1.8923 1.5623 1.2623 9.9224 7.6424 5.7924

ps 6.0422 4.8122 3.7222 2.7922 2.0122 1.3722 8.7023 5.1123

ds 1.6523 1.2923 9.5224 6.6624 4.4524 2.9024 1.8724 1.1324

f s 1.9423 1.1823 6.5924 4.5224 4.0624 3.4824 2.8924 2.4924

gs 1.3324 8.8025 4.9925 2.3625 9.8026 4.7326 3.2326 2.3926

hs 1.2023 1.1023 9.0124 6.3824 3.8924 2.1624 1.9124 2.4924

pp 2.1322 1.8222 1.6022 1.4222 1.2522 1.0822 9.1423 7.5923

dp 1.3424 1.0424 7.6425 5.2825 3.4125 2.1525 1.4325 1.0225

f p 5.5623 4.2723 3.0623 1.9623 1.0723 4.8324 1.9224 7.9225

gp 5.5224 4.3324 3.3924 2.6324 1.9224 1.2324 6.2525 2.4725

hp 1.0322 7.3623 4.4723 2.1123 6.2924 5.9925 6.7225 1.8124
J. Phys. Chem. Ref. Data, Vol. 33, No. 4, 2004
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polar system atR ~they coincide with thez8, x8, and y8,
respectively!. Using Eqs.~B1!–~B3! the components of this
operator can be rewritten

2 i ~]/]R!xyz52 i ~]/]R!x8y8z8 , ~B5!

2 i ~]/]U!xyz52 i ~]/]U!x8y8z82L̂y8 , ~B6!

2 i ~]/]F!xyz52 i ~]/]F!x8y8z81@sinUL̂x82cosUL̂z8#,

~B7!

TABLE 21. Single differential cross sections~in 10216 cm2) at E
55.53 keV/amu

e ~Ry! 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.0

ss 1.0322 1.0222 1.0122 1.0022 9.9323 9.8223 9.6823 9.5323

ps 2.5521 2.5321 2.5121 2.5021 2.4721 2.4521 2.4221 2.3921

ds 9.2423 9.1723 9.0923 9.0023 8.9023 8.7823 8.6423 8.4823

f s 6.4923 6.4523 6.4023 6.3523 6.2923 6.2223 6.1623 6.0923

gs 6.9124 6.9124 6.9124 6.9224 6.9224 6.9224 6.9224 6.9224

hs 9.0423 9.0623 9.0823 9.1023 9.1223 9.1323 9.1423 9.1423

pp 5.7922 5.7722 5.7622 5.7522 5.7322 5.7122 5.6922 5.6722

dp 1.1023 1.0923 1.0823 1.0623 1.0423 1.0223 1.0023 9.7724

f p 6.7422 6.6522 6.5422 6.4222 6.2822 6.1322 5.9522 5.7522

gp 3.0323 3.0123 2.9923 2.9623 2.9323 2.9023 2.8623 2.8123

hp 2.6322 2.5822 2.5322 2.4822 2.4322 2.3722 2.3022 2.2422

e ~Ry! 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.0

ss 9.3723 9.1723 8.9623 8.7223 8.4623 8.1723 7.8523 7.5023

ps 2.3521 2.3021 2.2521 2.2021 2.1321 2.0621 1.9721 1.8821

ds 8.3023 8.0923 7.8623 7.6023 7.3023 6.9723 6.6123 6.2123

f s 6.0223 5.9523 5.8823 5.8123 5.7423 5.6723 5.6123 5.5323

gs 6.9124 6.9024 6.8724 6.8324 6.7624 6.6724 6.5324 6.3324

hs 9.1323 9.0823 9.0123 8.8923 8.7123 8.4423 8.0623 7.5623

pp 5.6522 5.6322 5.6022 5.5722 5.5222 5.4722 5.4022 5.3122

dp 9.4824 9.1724 8.8124 8.4224 7.9924 7.5124 7.0024 6.4524

f p 5.5322 5.2822 5.0122 4.7122 4.3822 4.0422 3.6722 3.2922

gp 2.7623 2.7023 2.6423 2.5623 2.4823 2.3923 2.2923 2.1723

hp 2.1722 2.1122 2.0522 2.0022 1.9622 1.9322 1.9222 1.9322

e ~Ry! 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.3

ss 7.1223 6.7123 6.2723 5.8123 5.3223 4.8223 4.3023 3.7923

ps 1.7821 1.6721 1.5421 1.4121 1.2721 1.1221 9.7422 8.2422

ds 5.7823 5.3323 4.8523 4.3623 3.8623 3.3723 2.9023 2.4423

f s 5.4523 5.3323 5.1823 4.9723 4.6923 4.3123 3.8123 3.1823

gs 6.0724 5.7224 5.2824 4.7624 4.1524 3.5124 2.8524 2.2324

hs 6.9123 6.1123 5.1923 4.1823 3.1823 2.3123 1.6723 1.3023

pp 5.1822 5.0122 4.7822 4.4822 4.1222 3.7022 3.2422 2.7722

dp 5.8624 5.2624 4.6424 4.0324 3.4424 2.8824 2.3824 1.9324

f p 2.9022 2.5222 2.1522 1.8022 1.4922 1.2122 9.8123 7.8923

gp 2.0423 1.9023 1.7523 1.5823 1.4023 1.2023 1.0123 8.2324

hp 1.9522 1.9722 2.0022 2.0122 1.9922 1.9122 1.7622 1.5322

e ~Ry! 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.0

ss 3.2923 2.8023 2.3523 1.9423 1.5723 1.2423 9.5524 7.2024

ps 6.7822 5.4222 4.2022 3.1522 2.2822 1.5822 1.0222 6.0923

ds 2.0123 1.6023 1.2123 8.6124 5.7724 3.7124 2.3324 1.4224

f s 2.4123 1.5923 9.0424 5.1224 3.9024 3.3724 2.6524 2.2424

gs 1.6524 1.1224 6.6825 3.3225 1.4125 6.2726 4.1126 3.0826

hs 1.1423 1.0223 8.6224 6.4624 4.2424 2.4524 1.7924 2.0624

pp 2.3322 1.9722 1.6922 1.4822 1.3022 1.1322 9.5423 7.9123

dp 1.5424 1.2024 8.9925 6.3725 4.2225 2.6925 1.7925 1.2825

f p 6.2723 4.8623 3.5623 2.3823 1.3823 6.6524 2.6724 1.0324

gp 6.5224 5.0824 3.9324 3.0324 2.2524 1.5024 8.1625 3.4325

hp 1.2422 9.0823 5.7523 2.9223 1.0223 1.5124 3.9825 1.6824
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whereLx8,y8,z8 are the components of the electronic orbi
angular momentum operator. The vectorP is therefore ex-
pressed as14

Pk8k5Pk8k
R eR1Pk8k

U eU1Pk8k
F eF , ~B8!

where

Pk8k
R

5^fk8u~2 i ]/]R!ufk&,

Pk8k
U

52R21^fk8uL̂y8ufk&, ~B9!

TABLE 22. Single differential cross sections~in 10216 cm2) at E
55.85 keV/amu

e ~Ry! 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.02

ss 1.2722 1.2622 1.2522 1.2422 1.2222 1.2122 1.1922 1.1722

ps 2.7221 2.7121 2.6921 2.6721 2.6521 2.6221 2.5921 2.5621

ds 1.0522 1.0522 1.0422 1.0322 1.0222 1.0122 9.9123 9.7423

f s 7.2523 7.1923 7.1223 7.0423 6.9623 6.8723 6.7723 6.6723

gs 6.6924 6.6924 6.7024 6.7124 6.7224 6.7324 6.7424 6.7524

hs 8.3823 8.4123 8.4323 8.4623 8.4923 8.5223 8.5523 8.5723

pp 6.6022 6.5722 6.5422 6.5022 6.4622 6.4122 6.3622 6.3122

dp 1.1823 1.1723 1.1523 1.1423 1.1223 1.1023 1.0823 1.0523

f p 7.8322 7.7222 7.6122 7.4722 7.3222 7.1522 6.9522 6.7322

gp 3.2823 3.2623 3.2423 3.2123 3.1723 3.1423 3.1023 3.0523

hp 2.9722 2.9222 2.8722 2.8122 2.7422 2.6722 2.6022 2.5222

e ~Ry! 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.09

ss 1.1522 1.1322 1.1022 1.0722 1.0422 9.9923 9.6023 9.1723

ps 2.5221 2.4721 2.4221 2.3621 2.2921 2.2121 2.1221 2.0321

ds 9.5523 9.3323 9.0823 8.7923 8.4723 8.1123 7.7123 7.2723

f s 6.5723 6.4623 6.3623 6.2623 6.1723 6.0823 6.0023 5.9323

gs 6.7624 6.7724 6.7824 6.7824 6.7724 6.7424 6.6724 6.5724

hs 8.5823 8.5723 8.5423 8.4723 8.3523 8.1623 7.8823 7.4923

pp 6.2522 6.1922 6.1222 6.0522 5.9722 5.8922 5.7922 5.6722

dp 1.0223 9.8724 9.5024 9.0824 8.6324 8.1224 7.5824 7.0024

f p 6.4822 6.2022 5.9022 5.5622 5.1922 4.7922 4.3722 3.9222

gp 2.9923 2.9323 2.8623 2.7923 2.7023 2.6023 2.4923 2.3823

hp 2.4522 2.3722 2.3022 2.2422 2.2022 2.1622 2.1522 2.1622

e ~Ry! 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.30

ss 8.7223 8.2323 7.7023 7.1523 6.5723 5.9623 5.3323 4.7023

ps 1.9221 1.8021 1.6721 1.5321 1.3821 1.2321 1.0721 9.1022

ds 6.7923 6.2623 5.7123 5.1423 4.5523 3.9723 3.4123 2.8823

f s 5.8523 5.7523 5.6023 5.3923 5.0823 4.6823 4.1523 3.5223

gs 6.4024 6.1524 5.7924 5.3324 4.7624 4.1024 3.3924 2.6824

hs 6.9523 6.2723 5.4423 4.5123 3.5523 2.6523 1.9323 1.4523

pp 5.5322 5.3422 5.1122 4.8222 4.4622 4.0322 3.5522 3.0422

dp 6.3824 5.7424 5.0824 4.4324 3.7924 3.1824 2.6324 2.1424

f p 3.4722 3.0122 2.5722 2.1522 1.7622 1.4222 1.1322 8.9823

gp 2.2423 2.1023 1.9423 1.7623 1.5723 1.3723 1.1623 9.5224

hp 2.1822 2.2222 2.2522 2.2722 2.2622 2.1822 2.0222 1.7822

e ~Ry! 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.00

ss 4.0723 3.4623 2.8923 2.3723 1.9223 1.5223 1.1723 8.8024

ps 7.5322 6.0422 4.7022 3.5322 2.5722 1.7922 1.1822 7.1523

ds 2.3823 1.9123 1.4823 1.0723 7.3124 4.6724 2.8824 1.7524

f s 2.7823 1.9723 1.2023 6.4424 4.0024 3.2724 2.5524 2.0024

gs 2.0124 1.3924 8.6025 4.4925 1.9625 8.3326 4.9926 3.8126

hs 1.1823 9.9624 8.1324 6.1524 4.2424 2.5924 1.8424 1.7924

pp 2.5622 2.1322 1.8022 1.5522 1.3522 1.1722 9.9323 8.2323

dp 1.7224 1.3524 1.0324 7.4325 5.0425 3.2725 2.1825 1.5625

f p 7.0623 5.4723 4.0723 2.8123 1.7223 8.8024 3.6624 1.3524

gp 7.5824 5.8924 4.5224 3.4624 2.5824 1.7724 1.0224 4.5925

hp 1.4622 1.0922 7.1723 3.8723 1.5123 3.0624 2.8625 1.4624
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Pk8k
F

51R21^fk8uL̂x8ufk&2mk

@assuming thatwk is an eigenstate ofLz8 with eigenvalue
mk(h/2p)]. The corresponding form forA is obtained sim-
ply by expressing the vectors in terms of its components o
the x8, y8, z8 axes:

Ak8k
R

5 i ~ek82ek!^fk8usz8ufk&,

Ak8k
U

5 i ~ek82ek!^fk8usx8ufk&,

TABLE 23. Single differential cross sections~in 10216 cm2) at E
56.17 keV/amu

e ~Ry! 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.0

ss 1.5522 1.5422 1.5222 1.5122 1.4922 1.4722 1.4522 1.4222

ps 2.9021 2.8921 2.8721 2.8521 2.8221 2.7921 2.7621 2.7221

ds 1.1822 1.1722 1.1622 1.1522 1.1422 1.1322 1.1122 1.1022

f s 8.3423 8.2623 8.1723 8.0623 7.9523 7.8323 7.6923 7.5523

gs 6.5324 6.5324 6.5324 6.5324 6.5424 6.5424 6.5524 6.5624

hs 8.2323 8.2523 8.2723 8.2923 8.3123 8.3223 8.3423 8.3523

pp 7.6822 7.6322 7.5722 7.5022 7.4222 7.3422 7.2422 7.1522

dp 1.2523 1.2423 1.2223 1.2123 1.1923 1.1723 1.1423 1.1123

f p 8.9622 8.8522 8.7222 8.5822 8.4122 8.2222 8.0122 7.7622

gp 3.5423 3.5123 3.4923 3.4523 3.4223 3.3823 3.3323 3.2823

hp 3.3322 3.2822 3.2122 3.1422 3.0722 2.9922 2.9022 2.8222

e ~Ry! 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.0

ss 1.3922 1.3622 1.3322 1.2922 1.2522 1.2022 1.1522 1.1022

ps 2.6821 2.6321 2.5821 2.5121 2.4421 2.3621 2.2721 2.1721

ds 1.0822 1.0522 1.0322 9.9823 9.6423 9.2623 8.8323 8.3523

f s 7.4023 7.2523 7.0923 6.9423 6.8023 6.6723 6.5523 6.4423

gs 6.5824 6.5924 6.6124 6.6324 6.6424 6.6524 6.6424 6.6124

hs 8.3523 8.3423 8.3123 8.2423 8.1223 7.9523 7.6923 7.3323

pp 7.0422 6.9222 6.8022 6.6822 6.5522 6.4122 6.2622 6.1022

dp 1.0823 1.0523 1.0123 9.6724 9.1924 8.6624 8.0924 7.4824

f p 7.4922 7.1822 6.8422 6.4722 6.0522 5.6122 5.1322 4.6222

gp 3.2223 3.1523 3.0823 3.0023 2.9123 2.8023 2.6923 2.5723

hp 2.7322 2.6422 2.5622 2.4922 2.4322 2.3922 2.3822 2.3822

e ~Ry! 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.3

ss 1.0522 9.8723 9.2523 8.6023 7.9223 7.2023 6.4623 5.7023

ps 2.0621 1.9321 1.8021 1.6521 1.4921 1.3321 1.1621 9.9522

ds 7.8223 7.2423 6.6223 5.9723 5.2923 4.6223 3.9623 3.3423

f s 6.3423 6.2323 6.0823 5.8623 5.5423 5.1023 4.5223 3.8323

gs 6.5224 6.3724 6.1224 5.7624 5.2624 4.6324 3.9124 3.1424

hs 6.8423 6.2123 5.4523 4.5923 3.6923 2.8423 2.1423 1.6523

pp 5.9222 5.7122 5.4622 5.1622 4.7922 4.3622 3.8622 3.3322

dp 6.8424 6.1624 5.4724 4.7824 4.1024 3.4624 2.8724 2.3424

f p 4.1022 3.5722 3.0522 2.5422 2.0822 1.6722 1.3122 1.0322

gp 2.4323 2.2823 2.1123 1.9323 1.7423 1.5323 1.3123 1.0823

hp 2.4122 2.4622 2.5122 2.5422 2.5322 2.4622 2.3022 2.0522

e ~Ry! 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.0

ss 4.9423 4.1923 3.4923 2.8623 2.3023 1.8223 1.4123 1.0623

ps 8.2822 6.6822 5.2222 3.9322 2.8622 2.0122 1.3422 8.2823

ds 2.7723 2.2423 1.7523 1.3023 9.0024 5.8024 3.5424 2.1124

f s 3.0723 2.2623 1.4723 8.2124 4.4724 3.2024 2.5024 1.8324

gs 2.3924 1.6924 1.0824 5.8825 2.6725 1.1125 5.9526 4.5126

hs 1.3223 1.0723 8.1524 5.8324 4.0324 2.5424 1.8524 1.7624

pp 2.8022 2.3222 1.9222 1.6322 1.4022 1.2122 1.0322 8.5523

dp 1.8924 1.4924 1.1524 8.4625 5.8725 3.8825 2.5925 1.8525

f p 7.9623 6.1223 4.5923 3.2523 2.0723 1.1223 4.9024 1.7924

gp 8.6824 6.7624 5.1624 3.9124 2.9224 2.0524 1.2424 5.9125

hp 1.7022 1.2922 8.7223 4.9323 2.1123 5.2724 4.2525 1.2024
Ak8k
F

5 i ~ek82ek!^fk8usy8ufk&, ~B10!

s5 1
2~ f 1l!@r2 1

4~ f 1l!R#,

l[
MA2MB

MA1MB
.

Given the components ofP andA by Eqs.~B9! and ~B10!,
we can construct explicit solutions to the close-coup
equations for inelastic scattering in a finite manifold of m
lecular electronic states. The Schro¨dinger equation can be

TABLE 24. Single differential cross sections~in 10216 cm2) at E
56.49 keV/amu

e ~Ry! 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.02

ss 1.8822 1.8622 1.8522 1.8322 1.8022 1.7822 1.7522 1.7222

ps 3.0721 3.0621 3.0421 3.0221 2.9921 2.9621 2.9321 2.8921

ds 1.2922 1.2922 1.2822 1.2722 1.2622 1.2422 1.2322 1.2122

f s 9.6123 9.5123 9.4023 9.2723 9.1323 8.9823 8.8123 8.6323

gs 6.5424 6.5324 6.5224 6.5024 6.4924 6.4824 6.4824 6.4724

hs 8.9023 8.9123 8.9123 8.9223 8.9223 8.9123 8.9023 8.8823

pp 9.0422 8.9622 8.8622 8.7622 8.6422 8.5122 8.3622 8.2122

dp 1.3123 1.3023 1.2823 1.2723 1.2523 1.2323 1.2023 1.1723

f p 1.0121 1.0021 9.8922 9.7322 9.5522 9.3522 9.1222 8.8522

gp 3.8123 3.7823 3.7523 3.7123 3.6723 3.6323 3.5823 3.5223

hp 3.6922 3.6322 3.5622 3.4822 3.3922 3.3022 3.2022 3.1022

e ~Ry! 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.09

ss 1.6822 1.6422 1.6022 1.5522 1.4922 1.4422 1.3722 1.3122

ps 2.8421 2.7921 2.7421 2.6721 2.5921 2.5121 2.4121 2.3121

ds 1.1922 1.1722 1.1422 1.1122 1.0822 1.0422 9.9423 9.4423

f s 8.4423 8.2423 8.0323 7.8223 7.6223 7.4323 7.2523 7.0823

gs 6.4724 6.4724 6.4724 6.4924 6.5024 6.5224 6.5424 6.5424

hs 8.8523 8.7923 8.7123 8.6023 8.4323 8.2023 7.8823 7.4623

pp 8.0422 7.8622 7.6722 7.4722 7.2722 7.0622 6.8422 6.6222

dp 1.1423 1.1023 1.0623 1.0223 9.6824 9.1424 8.5424 7.9124

f p 8.5522 8.2222 7.8522 7.4322 6.9822 6.4822 5.9522 5.3822

gp 3.4523 3.3823 3.3023 3.2123 3.1123 3.0023 2.8823 2.7523

hp 3.0022 2.9022 2.8122 2.7222 2.6522 2.6122 2.5922 2.5922

e ~Ry! 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.30

ss 1.2422 1.1722 1.0922 1.0222 9.3623 8.5323 7.6823 6.8023

ps 2.1921 2.0621 1.9221 1.7621 1.6021 1.4321 1.2621 1.0821

ds 8.8723 8.2523 7.5723 6.8523 6.0923 5.3223 4.5623 3.8423

f s 6.9423 6.7923 6.6223 6.4023 6.0623 5.5823 4.9523 4.1823

gs 6.5224 6.4424 6.2924 6.0324 5.6324 5.0724 4.3824 3.6024

hs 6.9123 6.2423 5.4423 4.5723 3.6723 2.8623 2.2223 1.7923

pp 6.3822 6.1322 5.8422 5.5122 5.1322 4.6822 4.1722 3.6122

dp 7.2424 6.5324 5.8124 5.0924 4.3824 3.7024 3.0824 2.5224

f p 4.7922 4.1822 3.5822 2.9922 2.4422 1.9522 1.5322 1.1822

gp 2.6123 2.4523 2.2823 2.0923 1.8923 1.6823 1.4523 1.2123

hp 2.6322 2.6922 2.7522 2.8022 2.8022 2.7422 2.5822 2.3222

e ~Ry! 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.00

ss 5.9023 5.0123 4.1723 3.3923 2.7223 2.1523 1.6623 1.2523

ps 9.0222 7.3222 5.7522 4.3522 3.1822 2.2322 1.5022 9.4523

ds 3.1823 2.5823 2.0323 1.5323 1.0823 7.0924 4.3124 2.5324

f s 3.3423 2.5023 1.7023 1.0023 5.3024 3.2424 2.4724 1.7524

gs 2.7924 2.0224 1.3224 7.5125 3.5525 1.4725 7.1426 5.1526

hs 1.5123 1.2423 9.0924 5.8924 3.8024 2.4124 1.7424 1.8624

pp 3.0422 2.5122 2.0622 1.7222 1.4622 1.2522 1.0722 8.8523

dp 2.0424 1.6224 1.2624 9.4325 6.6825 4.4925 3.0225 2.1625

f p 9.0123 6.8623 5.1423 3.6923 2.4323 1.3823 6.3824 2.3724

gp 9.7924 7.6624 5.8424 4.4024 3.2724 2.3224 1.4624 7.3725

hp 1.9522 1.5122 1.0422 6.1023 2.7923 8.1924 8.8625 9.2825
J. Phys. Chem. Ref. Data, Vol. 33, No. 4, 2004
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10521052 PICHL ET AL.
reduced to one-dimensional~radial! equations by using a par
tial wave expansion. The total wave function is written a

C~r ,R!5(
k

exp@ i ~me/M !~2 i“R!•sk#fk~r ;R!Fk~R!,

whereM is the reduced mass of the nuclei. Then the par
wave expansion of nuclear wave function in symmetric-
eigenfunctions takes the form

Fk~R!5R21 (
J5Lk

(
MJ52J

J

Gk
JMJ~R!YJMJ

Lk . ~B11!

TABLE 25. Single differential cross sections~in 10216 cm2) at E
56.81 keV/amu

e ~Ry! 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.0

ss 2.2822 2.2622 2.2322 2.2122 2.1822 2.1422 2.1122 2.0622

ps 3.2421 3.2321 3.2121 3.1821 3.1621 3.1321 3.0921 3.0521

ds 1.4022 1.3922 1.3922 1.3822 1.3722 1.3522 1.3422 1.3222

f s 1.0922 1.0822 1.0622 1.0522 1.0422 1.0222 9.9823 9.7923

gs 6.7524 6.7324 6.7024 6.6724 6.6424 6.6124 6.5724 6.5424

hs 1.0622 1.0622 1.0622 1.0522 1.0522 1.0522 1.0422 1.0422

pp 1.0721 1.0621 1.0421 1.0321 1.0121 9.9422 9.7322 9.5122

dp 1.3723 1.3523 1.3423 1.3223 1.3023 1.2823 1.2523 1.2223

f p 1.1421 1.1321 1.1121 1.0921 1.0721 1.0521 1.0321 9.9922

gp 4.1023 4.0723 4.0323 3.9923 3.9523 3.9023 3.8423 3.7723

hp 4.0322 3.9622 3.8822 3.7922 3.7022 3.6022 3.4922 3.3722

e ~Ry! 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.0

ss 2.0222 1.9622 1.9122 1.8422 1.7822 1.7022 1.6222 1.5422

ps 3.0121 2.9521 2.8921 2.8221 2.7421 2.6621 2.5621 2.4421

ds 1.3022 1.2822 1.2522 1.2222 1.1922 1.1522 1.1022 1.0522

f s 9.5723 9.3323 9.0823 8.8323 8.5723 8.3123 8.0723 7.8423

gs 6.5124 6.4824 6.4524 6.4424 6.4324 6.4324 6.4424 6.4524

hs 1.0322 1.0222 1.0022 9.8523 9.5923 9.2523 8.8023 8.2423

pp 9.2722 9.0122 8.7422 8.4522 8.1622 7.8622 7.5522 7.2422

dp 1.1923 1.1523 1.1123 1.0623 1.0123 9.5624 8.9524 8.2924

f p 9.6722 9.3122 8.9022 8.4522 7.9622 7.4122 6.8222 6.1922

gp 3.7023 3.6223 3.5323 3.4323 3.3223 3.2023 3.0723 2.9323

hp 3.2622 3.1422 3.0322 2.9322 2.8522 2.8022 2.7722 2.7822

e ~Ry! 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.3

ss 1.4622 1.3722 1.2822 1.1922 1.0922 9.9623 8.9723 7.9623

ps 2.3221 2.1821 2.0421 1.8821 1.7121 1.5321 1.3521 1.1621

ds 9.9223 9.2723 8.5423 7.7623 6.9323 6.0723 5.2123 4.3823

f s 7.6323 7.4323 7.2323 6.9823 6.6323 6.1323 5.4423 4.5923

gs 6.4624 6.4324 6.3524 6.1824 5.8824 5.4124 4.7924 4.0224

hs 7.5323 6.6923 5.7223 4.6823 3.6523 2.7723 2.1523 1.8123

pp 6.9322 6.6022 6.2722 5.9022 5.4822 5.0122 4.4822 3.9022

dp 7.5924 6.8624 6.1224 5.3624 4.6224 3.9124 3.2624 2.6824

f p 5.5322 4.8522 4.1622 3.4922 2.8522 2.2722 1.7722 1.3522

gp 2.7823 2.6123 2.4423 2.2523 2.0423 1.8223 1.5823 1.3323

hp 2.8222 2.8922 2.9722 3.0422 3.0722 3.0222 2.8722 2.6022

e ~Ry! 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.0

ss 6.9323 5.9023 4.9123 3.9923 3.1823 2.5023 1.9423 1.4623

ps 9.7522 7.9622 6.2922 4.7922 3.5122 2.4722 1.6722 1.0622

ds 3.6223 2.9323 2.3223 1.7823 1.2823 8.5224 5.2124 3.0224

f s 3.6423 2.7123 1.8823 1.1723 6.3324 3.4724 2.4424 1.7224

gs 3.1924 2.3624 1.5924 9.3725 4.6225 1.9425 8.7026 5.7626

hs 1.6623 1.4723 1.1123 6.7024 3.7624 2.2924 1.5624 1.9224

pp 3.3022 2.7222 2.2122 1.8222 1.5222 1.3022 1.1022 9.1623

dp 2.1724 1.7324 1.3624 1.0324 7.4525 5.1125 3.4725 2.4825

f p 1.0222 7.6823 5.7223 4.1423 2.7923 1.6623 8.0824 3.1124

gp 1.0923 8.5824 6.5524 4.9124 3.6324 2.6024 1.6824 8.9325

hp 2.2122 1.7322 1.2222 7.3723 3.5723 1.1823 1.7224 7.1525
J. Phys. Chem. Ref. Data, Vol. 33, No. 4, 2004
l
p

Here, the electronic basis statewk is the eigenstate ofLz8
with eigenvalueLk . The functionsYJMJ

Lk satisfy the differen-

tial equations

F ~sinU!21
]

]U
sinU

]

]U
1~sinU!22S ]

]F
2 iLk cosU D 2

2Lk
2GYJMJ

Lk 52J~J11!YJMJ

Lk ~B12!

and

TABLE 26. Single differential cross sections~in 10216 cm2) at E
57.13 keV/amu

e ~Ry! 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.02

ss 2.7422 2.7222 2.6922 2.6522 2.6222 2.5722 2.5322 2.4722

ps 3.4121 3.3921 3.3721 3.3521 3.3221 3.2921 3.2521 3.2121

ds 1.5022 1.4922 1.4822 1.4722 1.4622 1.4522 1.4422 1.4222

f s 1.2022 1.1922 1.1822 1.1622 1.1522 1.1322 1.1122 1.0922

gs 7.1824 7.1424 7.0924 7.0424 6.9924 6.9324 6.8624 6.7924

hs 1.3322 1.3322 1.3322 1.3222 1.3222 1.3122 1.3122 1.3022

pp 1.2621 1.2521 1.2321 1.2121 1.1921 1.1621 1.1421 1.1121

dp 1.4223 1.4123 1.3923 1.3723 1.3523 1.3323 1.3023 1.2723

f p 1.2721 1.2521 1.2421 1.2221 1.2021 1.1821 1.1521 1.1221

gp 4.4323 4.3923 4.3523 4.3023 4.2523 4.2023 4.1323 4.0623

hp 4.3522 4.2722 4.1822 4.0922 3.9822 3.8722 3.7422 3.6222

e ~Ry! 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.09

ss 2.4122 2.3422 2.2722 2.1922 2.1022 2.0122 1.9122 1.8122

ps 3.1621 3.1121 3.0421 2.9721 2.8921 2.8021 2.6921 2.5821

ds 1.4022 1.3822 1.3622 1.3322 1.2922 1.2522 1.2122 1.1522

f s 1.0722 1.0422 1.0122 9.8623 9.5623 9.2623 8.9623 8.6723

gs 6.7224 6.6624 6.5924 6.5324 6.4824 6.4424 6.4224 6.4124

hs 1.2822 1.2722 1.2522 1.2222 1.1822 1.1322 1.0722 9.9423

pp 1.0721 1.0421 1.0021 9.6322 9.2322 8.8122 8.4022 7.9822

dp 1.2423 1.2023 1.1523 1.1123 1.0523 9.9424 9.3124 8.6424

f p 1.0821 1.0521 1.0021 9.5322 8.9922 8.3922 7.7522 7.0622

gp 3.9723 3.8823 3.7823 3.6723 3.5423 3.4123 3.2723 3.1123

hp 3.4822 3.3522 3.2322 3.1222 3.0322 2.9622 2.9322 2.9322

e ~Ry! 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.30

ss 1.7022 1.5922 1.4822 1.3722 1.2622 1.1522 1.0422 9.2123

ps 2.4521 2.3121 2.1521 1.9921 1.8121 1.6221 1.4321 1.2421

ds 1.0922 1.0322 9.5223 8.6923 7.8023 6.8623 5.9123 4.9723

f s 8.4023 8.1423 7.8923 7.6023 7.2423 6.7223 6.0023 5.0723

gs 6.4124 6.4024 6.3624 6.2524 6.0324 5.6624 5.1224 4.4024

hs 9.0023 7.8723 6.5923 5.2223 3.8823 2.7523 2.0023 1.6923

pp 7.5722 7.1622 6.7422 6.3222 5.8622 5.3522 4.8022 4.1922

dp 7.9224 7.1624 6.3924 5.6124 4.8424 4.1024 3.4224 2.8124

f p 6.3222 5.5722 4.8022 4.0422 3.3122 2.6422 2.0522 1.5522

gp 2.9523 2.7723 2.5923 2.3923 2.1823 1.9523 1.7123 1.4523

hp 2.9822 3.0622 3.1622 3.2522 3.3122 3.2822 3.1522 2.8822

e ~Ry! 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.00

ss 8.0423 6.8623 5.7123 4.6423 3.6923 2.8923 2.2323 1.6923

ps 1.0521 8.5922 6.8322 5.2322 3.8522 2.7222 1.8422 1.1922

ds 4.1023 3.3223 2.6423 2.0323 1.4923 1.0123 6.2524 3.6024

f s 4.0123 2.9523 2.0423 1.3023 7.3724 3.8724 2.4524 1.7224

gs 3.5724 2.7024 1.8724 1.1524 5.9125 2.5525 1.0825 6.4126

hs 1.6923 1.6923 1.3923 8.4824 4.1524 2.2624 1.4124 1.8624

pp 3.5522 2.9322 2.3822 1.9322 1.5922 1.3422 1.1422 9.4523

dp 2.2924 1.8424 1.4524 1.1124 8.1725 5.7125 3.9125 2.8025

f p 1.1622 8.6223 6.3623 4.6123 3.1723 1.9423 9.9624 4.0124

gp 1.2023 9.5024 7.2824 5.4524 4.0124 2.8824 1.9024 1.0624

hp 2.4722 1.9622 1.4022 8.7423 4.4423 1.6123 2.9624 6.0425
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Lk 5MJYJMJ

Lk , ~B13!

whereJ is the total angular momentum,MJ its ~laboratory
frame! z-axis component, andLk is the body-fixed compo-
nent. In this representation, the angular components ofP and
A by couple stateswk that have differentLk but are diagonal
in J, MJ , and a system of coupled radial equations arises
eachJ, which may be written as

TABLE 27. Single differential cross sections~in 10216 cm2) at E
57.45 keV/amu

e ~Ry! 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.0

ss 3.2922 3.2622 3.2222 3.1822 3.1322 3.0822 3.0222 2.9522

ps 3.5821 3.5621 3.5421 3.5121 3.4821 3.4521 3.4121 3.3721

ds 1.5822 1.5822 1.5722 1.5622 1.5522 1.5422 1.5322 1.5122

f s 1.2922 1.2822 1.2722 1.2622 1.2522 1.2322 1.2122 1.1922

gs 7.7824 7.7324 7.6624 7.5924 7.5124 7.4224 7.3324 7.2224

hs 1.7022 1.7022 1.6922 1.6922 1.6822 1.6822 1.6722 1.6622

pp 1.4921 1.4721 1.4421 1.4221 1.3921 1.3621 1.3221 1.2921

dp 1.4723 1.4623 1.4423 1.4223 1.4023 1.3723 1.3523 1.3223

f p 1.4021 1.3921 1.3721 1.3521 1.3321 1.3121 1.2821 1.2421

gp 4.7923 4.7523 4.7123 4.6623 4.6023 4.5323 4.4623 4.3723

hp 4.6322 4.5522 4.4522 4.3522 4.2322 4.1022 3.9722 3.8322

e ~Ry! 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.0

ss 2.8722 2.7922 2.7022 2.5922 2.4922 2.3722 2.2422 2.1122

ps 3.3221 3.2621 3.2021 3.1221 3.0421 2.9421 2.8321 2.7121

ds 1.4922 1.4722 1.4522 1.4222 1.3922 1.3522 1.3022 1.2522

f s 1.1722 1.1422 1.1122 1.0822 1.0522 1.0222 9.8723 9.5423

gs 7.1124 7.0024 6.8924 6.7824 6.6724 6.5824 6.5124 6.4524

hs 1.6422 1.6222 1.6022 1.5622 1.5122 1.4522 1.3722 1.2722

pp 1.2421 1.2021 1.1521 1.1021 1.0521 9.9422 9.3922 8.8522

dp 1.2823 1.2423 1.2023 1.1523 1.0923 1.0323 9.6724 8.9724

f p 1.2121 1.1721 1.1221 1.0721 1.0121 9.4322 8.7322 7.9722

gp 4.2823 4.1723 4.0623 3.9323 3.7923 3.6423 3.4823 3.3123

hp 3.6822 3.5422 3.4022 3.2722 3.1722 3.0922 3.0522 3.0622

e ~Ry! 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.3

ss 1.9822 1.8522 1.7122 1.5822 1.4422 1.3122 1.1822 1.0522

ps 2.5821 2.4321 2.2721 2.1021 1.9121 1.7221 1.5221 1.3221

ds 1.1922 1.1322 1.0522 9.6223 8.6823 7.6823 6.6423 5.6123

f s 9.2223 8.9023 8.5923 8.2723 7.8723 7.3523 6.6123 5.6223

gs 6.4224 6.3924 6.3624 6.2924 6.1324 5.8424 5.3824 4.7224

hs 1.1522 1.0022 8.3223 6.4723 4.6323 3.0323 1.9323 1.4823

pp 8.3222 7.8022 7.2922 6.7822 6.2622 5.7122 5.1222 4.4822

dp 8.2224 7.4424 6.6424 5.8324 5.0424 4.2824 3.5724 2.9424

f p 7.1722 6.3322 5.4822 4.6322 3.8122 3.0422 2.3622 1.7822

gp 3.1323 2.9423 2.7423 2.5323 2.3123 2.0723 1.8223 1.5723

hp 3.1122 3.2022 3.3222 3.4422 3.5322 3.5322 3.4222 3.1522

e ~Ry! 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.0

ss 9.2123 7.8823 6.5723 5.3423 4.2423 3.3023 2.5423 1.9223

ps 1.1221 9.2122 7.3622 5.6722 4.2022 2.9822 2.0222 1.3122

ds 4.6323 3.7423 2.9723 2.3023 1.7123 1.1823 7.4324 4.2824

f s 4.4523 3.2523 2.2023 1.4123 8.2924 4.3824 2.5224 1.7324

gs 3.9224 3.0424 2.1624 1.3724 7.4125 3.3225 1.3725 7.2026

hs 1.5723 1.8123 1.7023 1.1323 5.2124 2.3824 1.3624 1.7024

pp 3.8122 3.1522 2.5522 2.0522 1.6722 1.3922 1.1722 9.7423

dp 2.3924 1.9224 1.5324 1.1924 8.8425 6.2825 4.3625 3.1325

f p 1.3222 9.6823 7.0723 5.1123 3.5523 2.2423 1.2023 5.0724

gp 1.3023 1.0423 8.0224 6.0024 4.4124 3.1624 2.1224 1.2224

hp 2.7422 2.2022 1.6022 1.0222 5.3823 2.1023 4.6224 6.3825
r
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J~J11!2Lk

2MR2
11

1

2M
@D

2Q#J Gk
JMJ~R!5@1E2U~R!#Gk

JMJ~R!, ~B14!

where

Dk8k5~Pk8k
U

1Ak8k
U

!21~ P̃k8k
F

1Ak8k
F

!2,

~B15!
Uk8k~R!5~ek1ZAZB /R!dk8k ,

TABLE 28. Single differential cross sections~in 10216 cm2) at E
57.76 keV/amu

e ~Ry! 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.02

ss 3.9222 3.8822 3.8322 3.7822 3.7222 3.6622 3.5822 3.5022

ps 3.7421 3.7221 3.7021 3.6721 3.6421 3.6121 3.5721 3.5221

ds 1.6622 1.6522 1.6522 1.6422 1.6322 1.6222 1.6122 1.5922

f s 1.3722 1.3622 1.3522 1.3422 1.3322 1.3122 1.2922 1.2722

gs 8.5224 8.4424 8.3624 8.2724 8.1724 8.0624 7.9324 7.8024

hs 2.1522 2.1522 2.1422 2.1422 2.1422 2.1322 2.1222 2.1122

pp 1.7421 1.7221 1.6921 1.6621 1.6221 1.5821 1.5421 1.4921

dp 1.5223 1.5123 1.4923 1.4723 1.4523 1.4223 1.4023 1.3623

f p 1.5521 1.5321 1.5121 1.4921 1.4721 1.4421 1.4121 1.3821

gp 5.2123 5.1723 5.1223 5.0623 4.9923 4.9123 4.8223 4.7323

hp 4.8822 4.7922 4.6822 4.5722 4.4422 4.3122 4.1622 4.0122

e ~Ry! 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.09

ss 3.4022 3.3022 3.1922 3.0622 2.9222 2.7822 2.6322 2.4722

ps 3.4721 3.4121 3.3421 3.2721 3.1821 3.0821 2.9721 2.8421

ds 1.5822 1.5622 1.5322 1.5122 1.4722 1.4422 1.3922 1.3422

f s 1.2522 1.2322 1.2022 1.1822 1.1522 1.1122 1.0822 1.0422

gs 7.6524 7.5024 7.3424 7.1724 7.0124 6.8624 6.7324 6.6124

hs 2.1022 2.0822 2.0522 2.0122 1.9522 1.8822 1.7922 1.6722

pp 1.4421 1.3821 1.3221 1.2621 1.1921 1.1221 1.0521 9.8622

dp 1.3323 1.2923 1.2423 1.1923 1.1323 1.0723 1.0023 9.3024

f p 1.3421 1.2921 1.2421 1.1821 1.1221 1.0521 9.7522 8.9322

gp 4.6223 4.5023 4.3723 4.2223 4.0623 3.8923 3.7123 3.5223

hp 3.8522 3.6922 3.5422 3.3922 3.2722 3.1922 3.1422 3.1422

e ~Ry! 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.30

ss 2.3022 2.1322 1.9722 1.8022 1.6422 1.4922 1.3422 1.1922

ps 2.7021 2.5521 2.3821 2.2021 2.0121 1.8121 1.6021 1.3921

ds 1.2922 1.2222 1.1422 1.0522 9.5723 8.5123 7.4023 6.2823

f s 1.0122 9.7023 9.3423 8.9723 8.5423 7.9923 7.2423 6.2223

gs 6.5324 6.4624 6.4124 6.3424 6.2124 5.9824 5.5924 5.0024

hs 1.5222 1.3322 1.1122 8.6623 6.1523 3.8623 2.1523 1.3123

pp 9.1922 8.5422 7.9122 7.3022 6.7022 6.0922 5.4522 4.7822

dp 8.5324 7.7224 6.8924 6.0524 5.2324 4.4424 3.7024 3.0524

f p 8.0622 7.1522 6.2122 5.2622 4.3422 3.4822 2.7022 2.0422

gp 3.3223 3.1123 2.8923 2.6623 2.4323 2.1923 1.9423 1.6723

hp 3.2022 3.3022 3.4522 3.6022 3.7222 3.7622 3.6722 3.4222

e ~Ry! 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.00

ss 1.0422 8.9623 7.4923 6.0923 4.8323 3.7523 2.8823 2.1723

ps 1.1821 9.8122 7.8922 6.1222 4.5522 3.2422 2.2122 1.4422

ds 5.2023 4.2023 3.3323 2.5923 1.9423 1.3623 8.7624 5.0824

f s 4.9623 3.6123 2.4123 1.5223 9.0624 4.9324 2.6824 1.7524

gs 4.2324 3.3524 2.4524 1.6124 9.1225 4.2725 1.7525 8.2626

hs 1.3323 1.7823 1.9623 1.4723 7.1124 2.7824 1.4424 1.5224

pp 4.0822 3.3822 2.7322 2.1822 1.7522 1.4422 1.2122 1.0022

dp 2.4824 2.0024 1.6024 1.2524 9.4625 6.8325 4.8025 3.4625

f p 1.5022 1.0922 7.8623 5.6523 3.9423 2.5423 1.4223 6.2824

gp 1.4023 1.1323 8.7624 6.5724 4.8124 3.4524 2.3424 1.3924

hp 3.0022 2.4422 1.8022 1.1722 6.4023 2.6523 6.7124 8.5025
J. Phys. Chem. Ref. Data, Vol. 33, No. 4, 2004
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and

Qkk85dLk8Lk61R21@~J7Lk!~J6Lk11!#1/2

3@~Pk8k
U

1Ak8k
U

!6 i ~ P̃k8k
F

1Ak8k
F

!# ~B16!

with

P̃k8k5R21^fk8uL̂x8ufk&. ~B17!

The remainder ofPF has been absorbed in the rotation
kinetic energy.Q, which couples states withL values that

TABLE 29. Single differential cross sections~in 10216 cm2) at E
58.08 keV/amu

e ~Ry! 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.0

ss 4.6322 4.5822 4.5322 4.4722 4.4022 4.3222 4.2322 4.1222

ps 3.8921 3.8721 3.8521 3.8321 3.7921 3.7621 3.7221 3.6721

ds 1.7222 1.7222 1.7122 1.7122 1.7022 1.6922 1.6822 1.6622

f s 1.4422 1.4322 1.4222 1.4122 1.4022 1.3822 1.3722 1.3522

gs 9.3324 9.2424 9.1524 9.0424 8.9224 8.7924 8.6424 8.4824

hs 2.6622 2.6622 2.6622 2.6622 2.6622 2.6622 2.6522 2.6422

pp 2.0221 1.9921 1.9621 1.9221 1.8821 1.8321 1.7821 1.7221

dp 1.5823 1.5623 1.5523 1.5323 1.5023 1.4823 1.4523 1.4123

f p 1.6921 1.6821 1.6621 1.6421 1.6121 1.5821 1.5521 1.5121

gp 5.6923 5.6423 5.5823 5.5123 5.4323 5.3423 5.2423 5.1323

hp 5.0922 4.9922 4.8822 4.7622 4.6222 4.4822 4.3222 4.1522

e ~Ry! 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.0

ss 4.0122 3.8822 3.7522 3.5922 3.4322 3.2522 3.0622 2.8722

ps 3.6221 3.5621 3.4921 3.4121 3.3221 3.2221 3.1021 2.9721

ds 1.6522 1.6322 1.6122 1.5822 1.5522 1.5222 1.4822 1.4322

f s 1.3322 1.3122 1.2922 1.2622 1.2322 1.2022 1.1622 1.1322

gs 8.3024 8.1124 7.9024 7.6924 7.4824 7.2724 7.0724 6.8924

hs 2.6322 2.6122 2.5822 2.5522 2.4922 2.4122 2.3122 2.1722

pp 1.6621 1.5921 1.5221 1.4421 1.3621 1.2721 1.1921 1.1021

dp 1.3823 1.3323 1.2923 1.2323 1.1723 1.1123 1.0423 9.6524

f p 1.4721 1.4221 1.3721 1.3121 1.2421 1.1621 1.0821 9.9522

gp 5.0123 4.8723 4.7223 4.5523 4.3723 4.1823 3.9723 3.7523

hp 3.9822 3.8122 3.6422 3.4822 3.3522 3.2522 3.1922 3.1922

e ~Ry! 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.3

ss 2.6622 2.4622 2.2622 2.0622 1.8722 1.6822 1.5122 1.3422

ps 2.8321 2.6721 2.4921 2.3121 2.1121 1.9021 1.6821 1.4721

ds 1.3722 1.3122 1.2322 1.1422 1.0422 9.3523 8.1823 6.9823

f s 1.0922 1.0522 1.0122 9.7023 9.2323 8.6623 7.9023 6.8623

gs 6.7424 6.6224 6.5224 6.4324 6.3124 6.1124 5.7624 5.2424

hs 2.0022 1.7722 1.5022 1.1922 8.6323 5.4623 2.8923 1.3623

pp 1.0221 9.3722 8.6122 7.8922 7.1922 6.5022 5.8022 5.0922

dp 8.8524 8.0124 7.1524 6.2824 5.4224 4.6024 3.8324 3.1524

f p 9.0022 8.0022 6.9822 5.9422 4.9222 3.9622 3.0822 2.3222

gp 3.5223 3.2923 3.0523 2.8123 2.5623 2.3023 2.0423 1.7723

hp 3.2522 3.3722 3.5422 3.7222 3.8822 3.9622 3.9122 3.6822

e ~Ry! 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.0

ss 1.1722 1.0122 8.4623 6.9023 5.4623 4.2323 3.2423 2.4423

ps 1.2521 1.0421 8.4122 6.5622 4.9122 3.5222 2.4122 1.5822

ds 5.8023 4.7023 3.7223 2.8923 2.1823 1.5623 1.0223 6.0224

f s 5.5323 4.0523 2.6823 1.6423 9.7124 5.4424 2.9124 1.7924

gs 4.5224 3.6524 2.7424 1.8624 1.1024 5.4125 2.2525 9.7426

hs 1.0623 1.6023 2.1123 1.8423 9.8824 3.5924 1.6324 1.4124

pp 4.3522 3.6122 2.9122 2.3122 1.8422 1.5022 1.2422 1.0322

dp 2.5624 2.0724 1.6624 1.3124 1.0024 7.3525 5.2325 3.7925

f p 1.7022 1.2222 8.7423 6.2323 4.3623 2.8623 1.6423 7.6424

gp 1.4923 1.2123 9.4924 7.1524 5.2324 3.7524 2.5624 1.5624

hp 3.2722 2.6922 2.0122 1.3322 7.4823 3.2723 9.2224 1.2724
J. Phys. Chem. Ref. Data, Vol. 33, No. 4, 2004
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differ by 61, is the angular or Coriolis coupling;D is diag-
onal inL(Lk85Lk) and represents a small correction to t
rotation kinetic energy. Equation~B14! can be reduced to the
conventional form

H 1

2M F2 i
d

dR
11PR1ARG2

1
K~K11!

2MR2
11

AK~K11!

MR

3@PU1AU#J G~R!5@1E2U~R!#G~R!, ~B18!

TABLE 30. Single differential cross sections~in 10216 cm2) at E
58.40 keV/amu

e ~Ry! 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.02

ss 5.4322 5.3822 5.3122 5.2422 5.1522 5.0622 4.9522 4.8322

ps 4.0521 4.0321 4.0021 3.9821 3.9521 3.9121 3.8721 3.8221

ds 1.7822 1.7822 1.7722 1.7622 1.7622 1.7522 1.7422 1.7222

f s 1.5122 1.5022 1.4922 1.4822 1.4722 1.4522 1.4422 1.4222

gs 1.0223 1.0123 9.9724 9.8624 9.7224 9.5724 9.4124 9.2224

hs 3.2222 3.2222 3.2322 3.2322 3.2322 3.2422 3.2422 3.2322

pp 2.3321 2.3021 2.2621 2.2121 2.1621 2.1121 2.0421 1.9821

dp 1.6423 1.6223 1.6123 1.5923 1.5623 1.5323 1.5023 1.4723

f p 1.8521 1.8321 1.8121 1.7921 1.7621 1.7321 1.7021 1.6621

gp 6.2223 6.1623 6.0923 6.0123 5.9323 5.8323 5.7123 5.5923

hp 5.2522 5.1522 5.0322 4.9022 4.7622 4.6122 4.4422 4.2622

e ~Ry! 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.09

ss 4.6922 4.5422 4.3822 4.1922 3.9922 3.7822 3.5522 3.3222

ps 3.7621 3.7021 3.6321 3.5521 3.4521 3.3521 3.2321 3.1021

ds 1.7122 1.6922 1.6722 1.6522 1.6222 1.5922 1.5522 1.5022

f s 1.4122 1.3922 1.3622 1.3422 1.3122 1.2822 1.2522 1.2122

gs 9.0224 8.8024 8.5624 8.3124 8.0424 7.7824 7.5224 7.2824

hs 3.2322 3.2122 3.1922 3.1622 3.1122 3.0322 2.9222 2.7822

pp 1.9021 1.8221 1.7321 1.6421 1.5421 1.4421 1.3321 1.2321

dp 1.4323 1.3923 1.3423 1.2823 1.2223 1.1523 1.0823 1.0023

f p 1.6121 1.5621 1.5021 1.4421 1.3621 1.2821 1.2021 1.1021

gp 5.4423 5.2923 5.1123 4.9223 4.7223 4.4923 4.2623 4.0123

hp 4.0822 3.8922 3.7122 3.5422 3.3922 3.2822 3.2222 3.2222

e ~Ry! 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.30

ss 3.0722 2.8322 2.5822 2.3422 2.1122 1.9022 1.6922 1.5022

ps 2.9521 2.7821 2.6121 2.4121 2.2021 1.9921 1.7621 1.5421

ds 1.4522 1.3922 1.3122 1.2322 1.1322 1.0222 8.9623 7.6923

f s 1.1822 1.1422 1.0922 1.0522 9.9623 9.3623 8.5823 7.5323

gs 7.0624 6.8824 6.7224 6.5924 6.4524 6.2524 5.9424 5.4524

hs 2.5822 2.3322 2.0122 1.6422 1.2222 8.0123 4.3523 1.8523

pp 1.1321 1.0321 9.4022 8.5422 7.7222 6.9422 6.1822 5.4122

dp 9.1924 8.3224 7.4224 6.5124 5.6224 4.7624 3.9724 3.2624

f p 9.9822 8.9122 7.7922 6.6522 5.5422 4.4722 3.4922 2.6322

gp 3.7523 3.4923 3.2223 2.9623 2.6923 2.4223 2.1423 1.8623

hp 3.2822 3.4122 3.6022 3.8122 4.0122 4.1422 4.1322 3.9322

e ~Ry! 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.00

ss 1.3122 1.1322 9.4823 7.7423 6.1423 4.7523 3.6223 2.7223

ps 1.3221 1.1021 8.9222 7.0022 5.2722 3.8022 2.6122 1.7222

ds 6.4323 5.2223 4.1523 3.2223 2.4523 1.7723 1.1823 7.0924

f s 6.1623 4.5623 3.0123 1.8023 1.0423 5.8924 3.1824 1.8724

gs 4.7724 3.9324 3.0224 2.1124 1.3024 6.7325 2.8925 1.1825

hs 9.0724 1.3123 2.1023 2.1723 1.3423 4.9824 1.9424 1.4224

pp 4.6222 3.8422 3.1022 2.4622 1.9422 1.5622 1.2822 1.0622

dp 2.6424 2.1324 1.7124 1.3624 1.0524 7.8325 5.6525 4.1225

f p 1.9322 1.3822 9.7323 6.8623 4.7923 3.1823 1.8823 9.1124

gp 1.5823 1.2923 1.0223 7.7324 5.6624 4.0524 2.7824 1.7324

hp 3.5322 2.9422 2.2322 1.5022 8.6423 3.9423 1.2223 1.9124
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TABLE 31. Single differential cross sections~in 10216 cm2) at E
58.72 keV/amu

e ~Ry! 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.0

ss 6.3222 6.2622 6.1822 6.0922 6.0022 5.8822 5.7622 5.6122

ps 4.2021 4.1821 4.1521 4.1221 4.0921 4.0521 4.0121 3.9621

ds 1.8322 1.8322 1.8222 1.8222 1.8122 1.8022 1.7922 1.7822

f s 1.5922 1.5922 1.5822 1.5722 1.5522 1.5422 1.5322 1.5122

gs 1.1023 1.0923 1.0823 1.0723 1.0523 1.0423 1.0223 9.9924

hs 3.8122 3.8222 3.8222 3.8322 3.8422 3.8522 3.8622 3.8622

pp 2.6721 2.6321 2.5821 2.5321 2.4721 2.4121 2.3321 2.2521

dp 1.7123 1.6923 1.6723 1.6523 1.6323 1.6023 1.5723 1.5323

f p 2.0121 1.9921 1.9721 1.9521 1.9221 1.8921 1.8521 1.8121

gp 6.8223 6.7523 6.6723 6.5823 6.4823 6.3723 6.2423 6.0923

hp 5.3822 5.2722 5.1522 5.0122 4.8622 4.7022 4.5322 4.3422

e ~Ry! 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.0

ss 5.4622 5.2822 5.0822 4.8622 4.6322 4.3722 4.1122 3.8222

ps 3.9121 3.8421 3.7721 3.6821 3.5921 3.4821 3.3621 3.2221

ds 1.7722 1.7522 1.7322 1.7122 1.6822 1.6522 1.6122 1.5722

f s 1.4922 1.4722 1.4522 1.4322 1.4022 1.3722 1.3422 1.3022

gs 9.7724 9.5324 9.2624 8.9824 8.6824 8.3724 8.0624 7.7624

hs 3.8722 3.8622 3.8522 3.8322 3.7822 3.7122 3.6122 3.4622

pp 2.1721 2.0721 1.9721 1.8621 1.7421 1.6221 1.5021 1.3721

dp 1.4923 1.4523 1.3923 1.3423 1.2723 1.2023 1.1323 1.0423

f p 1.7621 1.7021 1.6421 1.5721 1.4921 1.4121 1.3121 1.2121

gp 5.9323 5.7523 5.5623 5.3423 5.1023 4.8523 4.5823 4.3023

hp 4.1422 3.9522 3.7522 3.5722 3.4122 3.2922 3.2122 3.2122

e ~Ry! 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.3

ss 3.5322 3.2422 2.9522 2.6622 2.3922 2.1322 1.8922 1.6722

ps 3.0721 2.9021 2.7121 2.5121 2.3021 2.0821 1.8521 1.6121

ds 1.5222 1.4622 1.3922 1.3022 1.2122 1.0922 9.7223 8.4123

f s 1.2622 1.2222 1.1822 1.1322 1.0722 1.0122 9.3023 8.2323

gs 7.4824 7.2324 7.0124 6.8224 6.6424 6.4324 6.1224 5.6724

hs 3.2622 2.9822 2.6322 2.1922 1.6922 1.1622 6.7023 2.9523

pp 1.2521 1.1421 1.0321 9.2622 8.3122 7.4222 6.5722 5.7422

dp 9.5824 8.6624 7.7224 6.7724 5.8324 4.9424 4.1024 3.3624

f p 1.1021 9.8522 8.6422 7.4122 6.1922 5.0122 3.9322 2.9722

gp 4.0123 3.7123 3.4123 3.1223 2.8223 2.5323 2.2423 1.9523

hp 3.2722 3.4222 3.6222 3.8722 4.1122 4.2822 4.3222 4.1622

e ~Ry! 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.0

ss 1.4622 1.2522 1.0622 8.6423 6.8623 5.3023 4.0223 3.0123

ps 1.3821 1.1521 9.4122 7.4322 5.6322 4.0822 2.8222 1.8622

ds 7.0723 5.7823 4.6023 3.5823 2.7223 1.9923 1.3623 8.2924

f s 6.8223 5.1323 3.4123 2.0023 1.1123 6.2624 3.4624 1.9824

gs 5.0224 4.2024 3.2824 2.3624 1.5124 8.2325 3.6825 1.4725

hs 1.0423 1.0023 1.9323 2.3923 1.7223 7.0224 2.4224 1.5524

pp 4.9122 4.0822 3.3022 2.6122 2.0522 1.6322 1.3222 1.0922

dp 2.7224 2.1924 1.7624 1.4124 1.1024 8.2825 6.0525 4.4425

f p 2.1722 1.5522 1.0822 7.5523 5.2523 3.5123 2.1223 1.0723

gp 1.6623 1.3723 1.0923 8.3024 6.1024 4.3624 3.0024 1.9024

hp 3.7822 3.1822 2.4522 1.6822 9.8623 4.6623 1.5523 2.7924
TABLE 32. Single differential cross sections~in 10216 cm2) at E
59.04 keV/amu

e ~Ry! 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.02

ss 7.3022 7.2222 7.1322 7.0322 6.9222 6.7922 6.6422 6.4822

ps 4.3421 4.3221 4.3021 4.2721 4.2321 4.2021 4.1521 4.1021

ds 1.8822 1.8722 1.8722 1.8622 1.8622 1.8522 1.8422 1.8322

f s 1.7222 1.7122 1.7022 1.6822 1.6722 1.6622 1.6422 1.6222

gs 1.1823 1.1723 1.1623 1.1523 1.1323 1.1223 1.1023 1.0823

hs 4.4122 4.4222 4.4422 4.4522 4.4722 4.4822 4.5022 4.5222

pp 3.0321 2.9821 2.9321 2.8721 2.8021 2.7321 2.6521 2.5521

dp 1.7923 1.7723 1.7523 1.7323 1.7023 1.6723 1.6423 1.6023

f p 2.1821 2.1621 2.1421 2.1121 2.0821 2.0521 2.0121 1.9621

gp 7.4723 7.3923 7.3123 7.2123 7.0923 6.9623 6.8223 6.6623

hp 5.4722 5.3622 5.2322 5.0922 4.9322 4.7622 4.5822 4.3822

e ~Ry! 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.09

ss 6.2922 6.0922 5.8622 5.6022 5.3322 5.0322 4.7222 4.3922

ps 4.0521 3.9821 3.9021 3.8221 3.7221 3.6121 3.4821 3.3421

ds 1.8122 1.8022 1.7822 1.7622 1.7422 1.7122 1.6722 1.6322

f s 1.6022 1.5822 1.5522 1.5322 1.5022 1.4722 1.4422 1.4022

gs 1.0523 1.0323 9.9924 9.6924 9.3624 9.0224 8.6724 8.3224

hs 4.5322 4.5422 4.5422 4.5322 4.5022 4.4522 4.3622 4.2122

pp 2.4521 2.3421 2.2221 2.0921 1.9621 1.8221 1.6821 1.5321

dp 1.5623 1.5123 1.4623 1.4023 1.3323 1.2623 1.1823 1.0923

f p 1.9121 1.8521 1.7921 1.7121 1.6321 1.5421 1.4421 1.3321

gp 6.4723 6.2723 6.0523 5.8023 5.5323 5.2523 4.9423 4.6223

hp 4.1822 3.9722 3.7622 3.5722 3.4022 3.2722 3.1922 3.1722

e ~Ry! 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.30

ss 4.0422 3.7022 3.3522 3.0122 2.6922 2.3922 2.1122 1.8522

ps 3.1921 3.0121 2.8221 2.6221 2.4021 2.1621 1.9221 1.6821

ds 1.5822 1.5222 1.4622 1.3722 1.2822 1.1722 1.0522 9.1223

f s 1.3622 1.3222 1.2722 1.2122 1.1622 1.0922 1.0022 8.9523

gs 7.9824 7.6724 7.3924 7.1424 6.9124 6.6624 6.3424 5.8924

hs 4.0122 3.7222 3.3422 2.8522 2.2722 1.6322 1.0022 4.8323

pp 1.3921 1.2521 1.1221 1.0121 8.9522 7.9422 6.9922 6.0922

dp 1.0023 9.0624 8.0724 7.0724 6.0824 5.1324 4.2624 3.4824

f p 1.2121 1.0821 9.5322 8.2022 6.8722 5.5922 4.4022 3.3422

gp 4.2923 3.9623 3.6223 3.2923 2.9723 2.6523 2.3423 2.0423

hp 3.2422 3.3922 3.6222 3.9022 4.1822 4.4022 4.4922 4.3822

e ~Ry! 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.00

ss 1.6122 1.3922 1.1722 9.5723 7.6123 5.8823 4.4523 3.3223

ps 1.4421 1.2121 9.9022 7.8522 5.9922 4.3722 3.0322 2.0122

ds 7.7223 6.3423 5.0723 3.9523 3.0223 2.2323 1.5423 9.6324

f s 7.5123 5.7523 3.8823 2.2723 1.2123 6.6124 3.7224 2.1224

gs 5.2624 4.4624 3.5424 2.6024 1.7324 9.8825 4.6325 1.8425

hs 1.6323 8.1324 1.6523 2.4823 2.0923 9.7224 3.1624 1.7824

pp 5.2022 4.3322 3.5022 2.7622 2.1622 1.7022 1.3722 1.1222

dp 2.8124 2.2624 1.8124 1.4524 1.1424 8.7025 6.4325 4.7525

f p 2.4422 1.7322 1.2022 8.3123 5.7423 3.8523 2.3823 1.2423

gp 1.7423 1.4523 1.1623 8.8624 6.5424 4.6724 3.2324 2.0724

hp 4.0222 3.4322 2.6722 1.8622 1.1122 5.4423 1.9323 3.9124
J. Phys. Chem. Ref. Data, Vol. 33, No. 4, 2004
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TABLE 33. Single differential cross sections~in 10216 cm2) at E
59.36 keV/amu

e ~Ry! 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.0

ss 8.3522 8.2722 8.1722 8.0522 7.9222 7.7722 7.6122 7.4222

ps 4.4821 4.4621 4.4421 4.4121 4.3721 4.3321 4.2921 4.2421

ds 1.9222 1.9122 1.9122 1.9022 1.9022 1.8922 1.8822 1.8722

f s 1.8922 1.8822 1.8722 1.8522 1.8322 1.8122 1.7922 1.7722

gs 1.2623 1.2523 1.2423 1.2223 1.2123 1.1923 1.1723 1.1523

hs 5.0222 5.0322 5.0522 5.0822 5.1022 5.1222 5.1522 5.1822

pp 3.4121 3.3621 3.3021 3.2321 3.1621 3.0721 2.9821 2.8821

dp 1.8823 1.8623 1.8423 1.8223 1.7923 1.7623 1.7223 1.6823

f p 2.3621 2.3421 2.3121 2.2821 2.2521 2.2221 2.1721 2.1221

gp 8.1823 8.1023 8.0023 7.8923 7.7623 7.6223 7.4623 7.2723

hp 5.5222 5.4122 5.2822 5.1322 4.9722 4.8022 4.6122 4.4022

e ~Ry! 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.0

ss 7.2022 6.9722 6.7022 6.4122 6.1022 5.7522 5.3922 5.0022

ps 4.1821 4.1121 4.0321 3.9521 3.8521 3.7321 3.6021 3.4621

ds 1.8622 1.8422 1.8322 1.8122 1.7822 1.7622 1.7222 1.6822

f s 1.7422 1.7222 1.6922 1.6622 1.6222 1.5922 1.5522 1.5122

gs 1.1323 1.1023 1.0723 1.0423 1.0123 9.7024 9.3224 8.9324

hs 5.2022 5.2322 5.2522 5.2522 5.2422 5.2122 5.1422 5.0122

pp 2.7621 2.6321 2.5021 2.3521 2.2021 2.0321 1.8721 1.7021

dp 1.6423 1.5923 1.5323 1.4723 1.4023 1.3223 1.2423 1.1523

f p 2.0721 2.0121 1.9421 1.8621 1.7721 1.6721 1.5621 1.4521

gp 7.0723 6.8423 6.5923 6.3123 6.0123 5.6923 5.3423 4.9823

hp 4.1922 3.9722 3.7522 3.5522 3.3722 3.2222 3.1422 3.1222

e ~Ry! 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.3

ss 4.6022 4.2022 3.7922 3.4022 3.0222 2.6722 2.3522 2.0522

ps 3.3021 3.1221 2.9321 2.7221 2.4921 2.2521 2.0021 1.7521

ds 1.6422 1.5822 1.5222 1.4422 1.3522 1.2422 1.1222 9.8023

f s 1.4722 1.4222 1.3722 1.3122 1.2422 1.1722 1.0822 9.7123

gs 8.5524 8.1824 7.8424 7.5324 7.2424 6.9524 6.6024 6.1424

hs 4.8122 4.5322 4.1322 3.6022 2.9522 2.2122 1.4422 7.6123

pp 1.5421 1.3821 1.2321 1.0921 9.6622 8.5122 7.4522 6.4522

dp 1.0523 9.5024 8.4624 7.4024 6.3524 5.3524 4.4324 3.6024

f p 1.3221 1.1921 1.0521 9.0322 7.5922 6.2022 4.9022 3.7322

gp 4.6123 4.2323 3.8523 3.4823 3.1223 2.7823 2.4523 2.1323

hp 3.1922 3.3522 3.5922 3.9022 4.2222 4.5022 4.6422 4.5722

e ~Ry! 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.0

ss 1.7822 1.5322 1.2822 1.0522 8.4023 6.4923 4.9023 3.6523

ps 1.5121 1.2721 1.0421 8.2722 6.3522 4.6622 3.2522 2.1622

ds 8.3723 6.9223 5.5623 4.3523 3.3323 2.4823 1.7423 1.1123

f s 8.2523 6.4223 4.4123 2.5923 1.3523 7.0024 3.9424 2.2724

gs 5.5124 4.7124 3.7924 2.8424 1.9524 1.1624 5.7525 2.3325

hs 2.8423 8.8424 1.3223 2.4223 2.4123 1.2923 4.2524 2.0924

pp 5.5022 4.5822 3.7122 2.9222 2.2722 1.7722 1.4122 1.1522

dp 2.9024 2.3224 1.8624 1.4924 1.1824 9.0825 6.8025 5.0625

f p 2.7322 1.9322 1.3422 9.1423 6.2623 4.2123 2.6423 1.4223

gp 1.8223 1.5223 1.2223 9.4124 6.9724 4.9924 3.4524 2.2424

hp 4.2522 3.6722 2.8922 2.0422 1.2522 6.2723 2.3423 5.2924
J. Phys. Chem. Ref. Data, Vol. 33, No. 4, 2004
TABLE 34. Single differential cross sections~in 10216 cm2) at E
59.68 keV/amu

e ~Ry! 0.010 0.012 0.013 0.016 0.018 0.021 0.024 0.02

ss 9.4922 9.3922 9.2822 9.1522 9.0022 8.8322 8.6422 8.4322

ps 4.6221 4.6021 4.5721 4.5421 4.5121 4.4721 4.4221 4.3721

ds 1.9622 1.9522 1.9522 1.9422 1.9422 1.9322 1.9222 1.9122

f s 2.1322 2.1222 2.1022 2.0822 2.0522 2.0322 2.0022 1.9722

gs 1.3323 1.3223 1.3123 1.2923 1.2823 1.2623 1.2423 1.2223

hs 5.6122 5.6422 5.6622 5.6922 5.7222 5.7622 5.8022 5.8422

pp 3.8221 3.7621 3.6921 3.6221 3.5421 3.4421 3.3421 3.2221

dp 1.9823 1.9623 1.9423 1.9123 1.8923 1.8523 1.8223 1.7823

f p 2.5421 2.5221 2.4921 2.4621 2.4321 2.3921 2.3421 2.2921

gp 8.9523 8.8623 8.7523 8.6323 8.4923 8.3323 8.1423 7.9423

hp 5.5522 5.4322 5.3022 5.1522 4.9822 4.8022 4.6122 4.4022

e ~Ry! 0.033 0.038 0.044 0.051 0.059 0.069 0.080 0.09

ss 8.1922 7.9222 7.6222 7.2922 6.9322 6.5422 6.1222 5.6822

ps 4.3121 4.2421 4.1621 4.0721 3.9721 3.8521 3.7221 3.5821

ds 1.9022 1.8822 1.8722 1.8522 1.8322 1.8022 1.7722 1.7322

f s 1.9322 1.9022 1.8622 1.8222 1.7822 1.7422 1.6922 1.6422

gs 1.2023 1.1723 1.1423 1.1123 1.0823 1.0423 9.9924 9.5824

hs 5.8822 5.9222 5.9522 5.9822 5.9922 5.9822 5.9422 5.8322

pp 3.0921 2.9521 2.7921 2.6321 2.4521 2.2721 2.0821 1.8921

dp 1.7323 1.6823 1.6223 1.5523 1.4823 1.4023 1.3123 1.2123

f p 2.2421 2.1721 2.0921 2.0121 1.9221 1.8121 1.7021 1.5721

gp 7.7123 7.4623 7.1823 6.8723 6.5323 6.1723 5.7823 5.3823

hp 4.1722 3.9522 3.7222 3.5122 3.3122 3.1622 3.0722 3.0522

e ~Ry! 0.108 0.125 0.145 0.168 0.195 0.226 0.263 0.30

ss 5.2222 4.7522 4.2822 3.8222 3.3922 2.9822 2.6022 2.2622

ps 3.4121 3.2321 3.0321 2.8121 2.5821 2.3421 2.0821 1.8221

ds 1.6922 1.6322 1.5722 1.5022 1.4122 1.3022 1.1822 1.0522

f s 1.5922 1.5422 1.4822 1.4122 1.3422 1.2622 1.1722 1.0522

gs 9.1624 8.7524 8.3624 8.0024 7.6524 7.3024 6.9224 6.4324

hs 5.6622 5.3822 4.9822 4.4322 3.7222 2.8922 1.9922 1.1422

pp 1.7021 1.5221 1.3521 1.1921 1.0421 9.1222 7.9322 6.8422

dp 1.1123 1.0023 8.9024 7.7824 6.6724 5.6124 4.6224 3.7424

f p 1.4421 1.2921 1.1421 9.8922 8.3522 6.8422 5.4222 4.1422

gp 4.9623 4.5323 4.1123 3.6923 3.2923 2.9123 2.5623 2.2223

hp 3.1222 3.2822 3.5522 3.8822 4.2422 4.5722 4.7622 4.7522

e ~Ry! 0.353 0.410 0.476 0.552 0.640 0.743 0.862 1.00

ss 1.9622 1.6722 1.4122 1.1622 9.2323 7.1423 5.3823 4.0023

ps 1.5721 1.3221 1.0921 8.6822 6.6922 4.9522 3.4722 2.3222

ds 9.0023 7.5023 6.0623 4.7623 3.6623 2.7323 1.9523 1.2723

f s 9.0223 7.1323 4.9923 2.9823 1.5223 7.5024 4.1424 2.4324

gs 5.7924 4.9824 4.0524 3.0824 2.1724 1.3524 7.0125 2.9325

hs 4.8023 1.3623 1.0523 2.2223 2.6323 1.6423 5.7524 2.4724

pp 5.8122 4.8422 3.9222 3.0922 2.3922 1.8522 1.4622 1.1822

dp 3.0024 2.3924 1.9124 1.5324 1.2124 9.4425 7.1425 5.3625

f p 3.0422 2.1522 1.4822 1.0122 6.8323 4.5923 2.9023 1.6023

gp 1.9023 1.5823 1.2823 9.9424 7.4024 5.3124 3.6824 2.4024

hp 4.4622 3.9022 3.1222 2.2322 1.3922 7.1623 2.8023 6.9124
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by taking into account that the angular momentum of he
particlesK is much greater than that of electron systemL,
i.e., K'J@L.
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